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ABSTRACT 
IN VITRO NEURONAL CELL INJURY MODEL: CHARACTERIZATION AND 
TREATMENT STRATEGIES 
Gulyeter Serbest 
Kenneth Barbee, PhD 
 
 
 
A new in vitro model of Traumatic Brain Injury (TBI) was developed.  Mechanical 
loading parameters were precisely controlled and optimized to create a reproducible 
injury severity in cultured PC2 neuronal cells. The cellular response to trauma was 
characterized in terms of membrane damage and long-term viability.  In addition, the 
mechanism of cell death and the signaling pathways involved were analyzed.  Finally, a 
novel therapeutic strategy was developed to protect cells from both acute and delayed 
injuries caused by mechanical trauma. Injury severity increased monotonically with 
increasing peak shear stress, and it was strongly dependent on loading rate.  The loading 
rate and magnitude were optimized to produce an injury severity resulting with 46 % loss 
of viability at 24 hours after the initial loading.  The acute (<5 min) release of LDH 
within demonstrated a loss of membrane integrity as a direct result of applied mechanical 
loading. Flow cytometry of cells fluorescently labeled to indicate apoptosis (TUNEL 
assay) and necrosis (low propidium iodide staining) was used to identify the mechanism 
of cell death at 24 hours following trauma. The primary cell death mechanism was 
apoptosis, although significant necrosis was also detected. The MAP kinases, ERK1/2, 
JNK1/2, and p38 kinase, were rapidly and transiently phosphorylated after mechanical 
trauma peaking at 15 min. The concerted activation of these kinases may be the cause of 
delayed cell death. Treatment of the cells with Poloxamer (P188), a water soluble and 
non- ionic surfactant, remarkably protected injured cells from both acute and delayed cell 
xvii 
    
death. P188 treatment was also found to inhibit p38 activation. However, treatment with a 
p38 inhibitor, SB203580, only partially rescued cells from apoptosis but not from 
necrosis. This shows that P188 may act upstream of p38 activation and may affect other 
pathways in addition to the p38 pathway.  Since the loss of membrane integrity has been 
shown to be a major pathophysiological result of mechanical trauma, the application of 
P188 to reseal injured membranes after traumatic injury represents a novel approach to 
long-term neuronal recovery from both acute and delayed injuries in TBI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xviii 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
CHAPTER 1: INTRODUCTION 
 
 
 
 
 
1.1  THE PATHOPHYSIOLOGY OF TRAUMATIC BRAIN INJURY (TBI) 
 
1.1.1 Epidemiology  
Each year more than 2 million individuals are affected by Traumatic Brain Injury (TBI) 
in the United States alone (Davis, 2000). The major causes of TBI are motor vehicle 
crashes, falls, violence, and sport-related injuries.  The socioeconomic impact of injur ies 
caused by these types of accidents is highly significant (Max, MacKenzie, Rice, 1991; 
Lehmkuhl, Hall, Mann, et al., 1993; Haffey, Abrams, 1991). In the U.S., direct and 
indirect costs of TBI related injuries totaled an estimated $56.3 billion in 1995 (Thurman, 
2001). The Centers for Disease Control and Prevention has identified that approximately 
5.3 million Americans-2% of the population - are living today with a TBI-related 
disability (2001). About half the estimated 1.9 million people per year who experience a 
TBI incur at least short-term disability (“TBI State Demonstration Grants,” 2000); more 
than 50,000 people die; and 90,000 live with a debilitating loss of brain functions 
(Thurman et al., 1999). Also, it has been estimated that 15% of individua ls with mild 
brain injury continue to experience negative consequences of TBI after one year from the 
injury (Guerrero et al., 2000). Among children ages 0 to 14 years, TBI results in an 
estimated 3,000 deaths, 29,000 hospitalizations, and 400,000 emergency visits (Langlois 
and Gotsch, 2001).  
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Despite the obvious public health implications of these numbers, there is no known long-
term treatment for TBI. Due to the complex nature of this condition, the design and 
conduct of clinical trials has been difficult. Several clinical trials performed in recent 
years have yielded mostly disappointing outcomes, despite promising preclinical data 
(Morris et al., 1999; Young et al, 1996). The underlying processes that mediate the acute 
and delayed responses following the primary injury still remain to be fully defined. An 
understanding of the biochemical and cellular events associated with TBI are critical to 
develop novel therapeutic strategies. 
 
1.1.2 Clinical  and Biomechanical Presentation of TBI 
The type and duration of the loading process are the major criteria for the pathology of 
primary (mechanical or acute) and secondary (nonmechanical or delayed) injury to the 
brain (Adams, 1992). The identification and interpretation of the damage created in the 
brain by mechanical insult is often difficult. The classification of TBI takes into account 
the full spectrum of clinical presentation and outcome, ranging from the patient who 
remains in coma from the initial moment of injury to death. The patient who initially 
shows no sign of brain injury may later die because of the complications resulting from 
initial impact (McIntosh et al., 1996).  Clinically, head injury patients often present a 
combination of injuries which have resulted from either impact (direct) or non- impact 
(indirect) loadings.  
 
TBI begins with a mechanical loading that sets the head and the brain in motion. Hitting 
the head against an object such as window of a motor vehicle generates a force on the 
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head. This mechanical load occurs over milliseconds and causes the brain to rapidly 
accelerate and/or decelerate. Because the nature of force or loading can be different, three 
different mechanical loadings have been described: impact, impulse (or inertial), and 
static (Davis, 2000).  Impact loading occurs directly to the head and its duration is 
approximately less than 50 milliseconds (Stålhammar, 1990). Stress waves are generated 
through the brain as a result of contact forces. In direct head impact, there is a local 
bending of the skull, underlying tissue strain, and a gross movement of the brain tissue.  
Impact loading can cause skull fractures, tissue deformation, epidural hematoma, brain 
contusion and laceration. Impulse or inertial loading refers to the effects of rapid 
acceleration (or deceleration) with or without the contact phenomena associated with 
impact. The duration of the load can range between 50 and 200 milliseconds in this case. 
Impulsive loading, instead of creating local contact effects, produces a nonuniform 
distribution of pressure and tissue strain, which can cause primary tissue damage.  Static 
loading, on the other hand, has the longest duration at greater than 200 milliseconds and 
occurs when compressive forces are exerted on the head (Gennarelli, 1997; McIntosh et 
al., 1996).  
 
 In response to relatively large impact forces, the skull deforms only slightly before 
fracturing due to its mechanical properties. The local depression, or bending, of the skull 
from dynamic contact forces causes stress waves to propagate through the skull in all 
directions from the point of impact. As these waves travel to remote areas from the initial 
impact, they are added and skull fractures can be caused in these remote areas (Got et al., 
1983). The local distortion of the skull without fracture can also transiently deform the 
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underlying brain tissue and create intracranial pressure gradients throughout the brain. 
Negative intracranial pressure changes have been suggested to be significant factors in 
producing cerebral contusions at the site of impact (Ommaya et la., 1994; Smith, 1979).  
 
The inertial acceleration caused by impact or impulsive loading triggers different 
mechanical responses f the brain tissue. Therefore, brain lesions produced by inertial 
forces can be quite different from the injuries created by contact forces.  Two types of 
acceleration of the brain, translational and rotational, form the basis for most 
biomechanical studies to define the injury mechanism and tolerances (Figure 1.1). 
Translational acceleration produces an intracranial pressure change and motion of the 
brain relative to the inner surface of the skull. This motion is very small compared to the 
deformations in rotation.  In contrast, rotational acceleration produces widespread and 
significant tissue strains throughout the brain. During rotational movement of the head, 
intracerebral shear strains are produced because of brain lag (Holbourn’s rotation theory). 
The magnitude of shear strain is related to the amount of the rotational acceleration, the 
presence of intracranial dural compartments (e.g., falx, tentorium cerebri) and the 
direction of motion (McIntosh et al., 1996).  Holbourn (1943) performed the first 
advanced analysis to demonstrate the importance of rotational motions on the brain 
movement and injury. By using photoelastic gelatin skulls subjected to rapid rotation 
without impact, it was shown that areas of high shear stress coincided with the 
identifiable brain lesions at autopsy. Recent studies also showed that regions of the brain 
subjected to large strains during rotational accelerations differ depending on the direction 
and orientation of acceleration (Margulies et al., 1990; Meaney et al., 1993).  Gennarelli 
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et al. (1981) also showed that rotational acceleration during impact can produce 
substantial intracranial shear strain. Therefore, it has been suggested that the shear strain 
produced during rotational acceleration of the brain may be the one of the critical factors 
triggering the acute and delayed responses of trauma (Ommaya and Gennarelli, 1974).  
 
For more than 3 decades, various groups have examined the biomechanical criteria of 
human tolerance to direct impact loading in order to reduce the severity of TBI related 
disabilities (Generalli, 1996; Generalli et al., 1997; King, 1993; LapLaca and Thibault, 
1997; Lightha ll et al., 1989; Margulies, and Thibault, 1992; Ommaya and Generalli, 
1974; Thibault et al., 1990). For many years, brain injury was thought to occur right after 
the impact. However, histological analysis shows that the initial injury caused by 
mechanical impact may trigger more severe pathophysiological consequences which can 
develop hours and even weeks following the impact (Gennarelli, 1997). Neuropathology 
of trauma is determined by the mechanism and time of injury. Brain trauma can be 
classified as primary (impact or inertial) and secondary according to its underlying 
mechanism (Pearl, 1998). Primary impact alterations are defined as the injuries which 
occur at the moment of impact, whereas secondary events are more complex processes 
triggered by the primary events (Graham et al., 1995). Most of the time, it is difficult to 
differentiate the events occurring following the trauma. Primary injuries are often caused 
by inertial forces that cause skull fractures, focal injuries such as cerebral contusions 
(Adams, 1980), intracerebral hematomas, subdural hematomas, epidural hematomas, 
diffuse axonal injuries (Ommaya and Gennarelli, 1974), and penetrating injuries. 
Secondary injuries, on the other hand, are triggered by processes initiated by initial 
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injuries such as ischemia (Miller, 1985), brain swelling (cerebral edema), hyperemia and 
alterations of endogenous neurochemical mechanisms. 
 
The type and severity of the pathological conditions following the trauma depend on the 
magnitude of the initial impact and region of the brain that receives the impact. The 
various studies conducted in human and animal models show that both the neuronal and 
vascular components of the brain undergo different degrees of damage (Collins et al., 
1989; Jane et al., 1985; Siesjö, 1981). These findings led to new experimental studies to 
investigate the biomechanical and pathophysiological aspects of TBI more closely.  
 
1.1.3 Cellular Pathology  
TBI is multifaceted process, which comprises both primary and secondary mechanism of 
cell damage and death (McIntosh et al., 1998; Graham et al., 1989). Even individuals 
who appear to recover fully are sometimes affected by the secondary processes of the 
injury. Currently, there is no effective treatment to improve recovery from TBI. The 
underlying cellular mechanisms of  TBI remain to be fully understood. 
 
Although there are different types of pathophysiological effects of traumatic injury, they 
share some common features at the cellular and molecular level. Primary damage to the 
brain can involve stretching and/or tearing cellular membranes and axons, mechanical 
disruption of the Blood Brain Barrier (BBB) (Cortez et al., 1989) and deterioration of 
neuronal connections. These primary events in turn lead to secondary injuries. The 
precise mechanism of secondary responses is not fully understood, but it may be 
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triggered by changing permeability of cell membrane to different ions and molecules 
(Bazan et al., 1995) and a complex array of signaling events is initiated inside the cell 
such as activation of second messengers and phosphorylation of proteins (Liu et al., 
1999).  Many researchers have recently recorded alterations in intracellular calcium 
concentration ([Ca2+]i ) in various cell types following traumatic injury (LaPlaca et al., 
1997; Cargill et al., 1996; LaPlaca and Thibault, 1998; Thibault et al., 1990). It has been 
suggested that neuronal injury causes disturbance of Ca2+ homeostasis which leads to 
increasing [Ca2+]i , and this increase can be related to leaky membranes or activated ion 
channels subjected to shear stress during traumatic injury (Gennarelli et al., 1998).  The 
[Ca2+]i level is maintained at low levels (~50-150 nM), and this level is vital for normal 
cell functioning.  A sustained increase in intracellular Ca2+ can be toxic and has been 
shown to be one of the major factors mediating cell death (Choi, 1988; Gosh and 
Greenberg, 1995; Orrenius et al., 1989; Rothman, 1992; Young, 1992; Tymianski and 
Tator, 1996; LaPlaca and Thibault, 1998). The changes in [Ca2+]i level can also influence 
neuronal survival (Franklin and Johnson, 1992; Choi, 1988), axon outgrowth (Collins et 
al., 1991), and changes in synaptic strength (Bliss and Collingridge, 1993). 
 
The level of [Ca2+]i  can increase upon the activation of some glutamate receptors such as 
N-methyl-D- aspartate (NMDA) or non-NMDA triggering signaling events leading to 
pathophysiological events (Pereira et al., 2000; Choi, D.W., 1988; Choi, D.W., 1995; 
Coyle, J.T., and Puttfarcken, P., 1993; Lipton, S.A., and Rosenberg, P.A., 1994; 
Meldrum, B., and Garthwaite, J., 1990). It has also been suggested that leaky membranes 
or activated ion channels resulting from the physical shear stress during traumatic brain 
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injury causes prolonged disturbances in Ca2+ homeostasis inside the cells and may 
mediate the neuronal injury (Genneralli et al., 1998). NMDA induced increases in 
intracellular Ca2+ influx can cause the production of reactive oxygen species (ROS) 
(Dawson et al., 1996; Patel et al., 1996) inducing cellular damage via single strand DNA 
breaks, protein oxidation, and lipid peroxidation (Murphy et al., 1998). Lipid 
peroxidation damages the plasma membrane causing loss of membrane integrity, leaking 
of intracellular contents, and neuronal cell death (Murphy et al., 1998; Bonfoco et al., 
1995) (Figure 1.2). 
 
In addition to Ca2+ mediated damage following the injury, three different alterations in 
cellular mechanisms have been identified, including receptor dysfunction, inflammatory 
events and free radical events (Davis, 2000). All these changes can damage the axons 
through neuroexcitation and deafferentation or disconnection of the axon from other 
axons (Povlishock et al., 1992). They contribute to acute and delayed cellular dysfunction 
and death. Clinically, this cascade of events leads to loss of synaptic terminals, altered 
neuronal network transmission, and neurological dysfunction (Gennarelli, 1993; Erb and 
Povlishock, 1988).  
 
The mechanical alterations in the cell membrane induce membrane depolarization 
(Galbraith and Thibault, 1993), and this event causes the release of excitatory 
neurotransmitters such as glutamate, aspartate, and acetylcholine (Hayes et al., 1992; 
Lyeth and Hayes, 1989; Palmer et al., 1993). The release of excitatory neurotransmitters 
can produce cell swelling (e.g., because of an influx of chloride and sodium ions) 
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vacuolization, and neuronal death in both injured neurons and glia in vitro (Olney, 1969, 
1971, 1987; Choi, 1987).  The release of these neurotransmitters can further increase the 
cellular disturbances caused by mechanical loading by invoking different signaling events 
inside the cell through direct and indirect pathways (Figure 1.2) (Olney et al., 1987; 
Rothman and Olney, 1987).  Excessive glutamate may also be toxic to cultured neuronal 
cells by inducing the free radical production inside the neuronal cells (Olney, 1969).  
 
As the molecular and cellular sequelae of TBI are understood, many different and distinct 
types of cellular and molecular events are involved in mediating or contributing to 
cascade of events occurring post injury. It is very important to identify and understand 
these events and their relationship with the severity of the secondary events. 
Understanding the mechanism of traumatic cell injury is vital for the development of 
tolerance criteria for neurons to mechanical stimuli and the development of therapeutic 
strategies for treatment of TBI. 
 
1.2  VARIOUS APPROACHES TO MODELLING TBI 
Various experimental models have been developed to understand the effects and the 
mechanism of TBI induced tissue injury causing cell dysfunction and death. Both in vivo 
animal models and in vitro cell-culture models have been used to investigate the 
mechanisms and effects of mechanical injury. Although in vivo models can permit a 
study of the whole organism response to mechanical loading and provide a tool for the 
assessment of efficacy of therapeutic compounds, these models do not permit an easy 
assessment of the effects of mechanical trauma on individual cells. They also do not 
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permit a precise investigation of the cellular and molecular events occurring following 
traumatic injury. Since human TBI is a heterogeneous pathology, no single animal model 
of TBI can mimic the whole spectrum of findings involved in TBI patients (Povlishock, 
1994; McIntosh et al., 1998).  It is often difficult to avoid artifactual injuries created 
during the mechanical loading in in vivo models. These injuries produce effects that can 
alter the final outcome of the trauma complicating the interpretation of the results 
(Murphy and Lloyd, 1994). Another important problem with in vivo models is the 
circulatory system which can remove metabolites at the site of injury. Hemorrhage can 
often result in lipid peroxidation through increases in tissue iron. The impermeable nature 
of BBB makes the use of many treatment agents difficult to apply in vivo. While the 
clinical effectiveness of these agents may be minimal, their use to determine the 
mechanism of injury in vivo can be very advantageous. In most of the in vivo models, the 
circulatory system contribution has been underestimated. However, the circulatory 
system causes systemic responses, such as blood flow changes, edema, and 
immunological responses following trauma, and identification of these events may also 
be very important to understand the mechanism of activation of secondary events. These 
problems further complicate the final outcome and the determination of injury 
mechanism. Ethical issues and high cost are other limitations for the usage of in vivo 
models. 
 
To alleviate the limitations of in vivo models, ex-vivo and in vitro models, have been 
established. Most of these models eliminate the undesirable effects of circulatory system 
contribution in traumatic injury and, thus, provide more interpretable results. In vitro 
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models give the ability to control both intracellular and extracellular environment, which 
permits more understanding about the neural injury environment. Gradually increasing 
complexity by co-culturing different cell types or superimposing chemical insults, for 
example, can be incorporated into in vitro models to examine various interactions. Thus, 
the contribution of various cell types to a specific injury can be determined.  Cell-culture 
models also provide an inexpensive and feasible way for studying cellular responses 
under controlled loading conditions. The ability to observe the cells microscopically 
before, and immediately following the insult is another important aspect of in vitro 
models. Finally, well-characterized in vitro injury models provide an opportunity for 
preliminary testing of potential therapeutic compounds without involving the problems of 
in vivo models, and they can be used in parallel with in vivo models to identify the 
mechanism of injury. 
 
A biochemical approach to modeling TBI begins by identifying the type of injury and 
determining the appropriate loading conditions to elicit a mechanical response. In order 
to translate the real life loading conditions to cellular level, the magnitude of injury and 
the loading rates must first be experimentally determined on the macroscopic level. 
Previous models performed in primates by using scaled loading conditions (Gennarelli et 
al., 1982; Margulies et al., 1990) allowed temporal and spatial tracking of strain and 
strain rates. These strain and strain rates were later applied to cells and isolated tissues in 
order to assess the pathophysiological consequences of mechanical insults on the 
individual cells of the nervous system (Galbraith et al., 1993; Cargill II, 1996).  These in 
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vitro findings can provide a better understanding of the injury mechanism on cellular 
level and lead to better design of animal and clinical models in the future. 
 
Ultimately, identification and characterization of the single cell response to mechanical 
loading is an important step in the development of more efficient treatment strategies and 
for improvement of injury tolerance criteria. In addition, well-characterized cellular 
models for injury experiments can provide an opportunity for preliminary testing of 
potential drug therapies. 
 
1.3  REVIEW OF AVAILABLE IN VITRO MODELS 
There have been various studies to mimic TBI at the cellular level. Previously developed 
in vitro models of TBI showed limited successes in studying responses of different cell 
types to mechanical loadings. In these systems, different investigators used different 
mechanisms to create mechanical trauma on the cells. These models include 
tearing/scratching cells (Regan and Choi, 1994; Mukhin et al., 1997), fluid percussion 
(Shepard et al., 1991), compression pressure (Murphy and Horrocks, 1993), rapid 
acceleration (Lucas and Wolf, 1991), biaxial-strain (Cargill II and Thibault, 1996; 
Winston et al., 1993; Ellis et al., 1995), and parallel-disc viscometer (LaPlaca and 
Thibault, 1997). The tearing /scratching model of Regan and Choi (1994) has been 
commonly used, but the main limitation of this model is that an uncontrolled number of 
cells are lysed, and the response of the remaining cells might be due to substances 
released by the lysed cells rather than a response to injury per se. The fluid percussion 
(Shepard et al., 1991), compression pressure (Murphy and Horrocks, 1993), and rapid 
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acceleration model (Lucas and Wolf, 1991) do not reproduce the essential features of the 
mechanical loading associated with TBI. In the biaxial strain models, the strain is 
produced by deflecting a membrane upon which the cells are cultured by applying 
hydrostatic pressure differences. This motion on/at the focal plain of the microscope 
prevented observation of the cells during the strain. The most severe limitation of these 
models was the non-uniformity of the strain field produced and the difficulty in 
controlling strain and strain rate independently. A microscope-mounted in vitro traumatic 
injury model developed by LaPlaca and Thibault (1997) solves two of these problems 
based on the spinning-disc viscometer. This model has the ability to apply fluid shear 
stress with variable onset rates and magnitudes.  The cells cultured on the stationary discs 
can be observed throughout the experiment. However, because the velocity of the 
spinning disc increases radially, the stress created on the cells is not uniform. Recently, 
Blackman and colleagues developed a new device based on the principles of the cone-
and-plate viscometer (2000). This device is similar to parallel-disk viscometer in 
operation, but it produces a uniform shear stress over the culture surface.  Also, the cell 
straining device which has very recently been developed by Geddes and Cargill II has 
shown the ability to apply uniform and controlled strain and strains rates to neuronal cells 
in cultures (2001).  To injure the cells in a uniform fashion is very important for 
achieving an accurate analysis of the single cell responses to mechanical loading. The 
fluid shear stress created over the stationary cells with cone-and-plate viscometer allows 
a direct and easy observation of the cells following the injury. The design of this device 
also allows precise and independent control of the shear stress magnitude and the rate of 
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loading.  Because of these advantages, this device was selected for the neuronal injury 
model.  
 
1.4  STATEMENT OF OBJECTIVE 
In the past two decades, many researchers have tried to simulate TBI to identify its 
characteristics in cell culture models or in animal models, but there are still many 
unknowns about the mechanism of neuronal injury caused by dynamic mechanical 
insults. The main purpose of this dissertation was to provide an insight into the cellular 
mechanisms of signaling events following traumatic injury and to evaluate the efficacy of 
a therapeutic agent in the treatment of traumatic neuronal injuries in vitro models by 
using a controlled cell shearing device (CCSD). 
 
The study presented here aimed to characterize the neuronal cell injury based on the 
magnitude and the duration of membrane permeability due to mechanical loading in order 
to identify both primary and secondary events triggered by the injury, and also to 
investigate whether the Poloxamer (P188) has neuroprotective effect. 
 
 An understanding of the response of the neuronal cells to mechanical loading and the 
mechanism of this response will provide a foundation on which to develop novel 
therapeutic agents to promote functional recovery of the patients following traumatic 
injury in the future. 
 
 
    14 
    
1.5  THESIS ORGANIZATION 
This dissertation is organized as three separate manuscripts with a preceding introduction 
chapter (Chapter 1, present), presenting relevant background about the major perspectives 
related to TBI, and a conclusion (Chapter 5) which discusses and summarizes the primary 
findings and their implications for future studies in the neuronal injury field. Chapter 2 
presents the study conducted to determine the injury paradigm to mimic TBI in vitro by 
applying specific levels of loading conditions in specific durations. It discusses the 
specific features of CCSD, which was previously designed and built to generate fluid 
shear stress on stationary cells. Also, it represents some major characteristics of PC2 
cells, which were used as neuronal cell model to examine the various effects of 
mechanical loadings in controlled environment.  The injury levels created on the cells is 
presented based on the membrane integrity and viability of the cells following the injury. 
In Chapter 3, the cellular and molecular events occurring fo llowing the injury are 
presented. The focus is to describe the mechanism of post- injury cell death and the 
possible role of the different MAPK proteins in this mechanism. The possible signaling 
events in response to mechanical injury are discussed.  In Chapter 4, the efficacy of 
Poloxamer (P188) as a possible treatment agent in neuronal deformation is presented. 
The mechanism of activity of this reagent in neuronal cells is also described.  
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Figure 2.1: The movement of the head as a result of impact forces-acceleration and 
rotational- cause most of the neuropathological sequelae in TBI. During translational 
acceleration (a(t)), the head move along a straight path, and create intracranial pressure 
changes with little  distortion to the brain tissue. On the other hand, rotational 
accelerations (a) cause the head to rotate, and create large intracranial motions and tissue 
strains (McIntosh et al., 1996). 
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Figure 1.2: Injury induced biochemical and functional alterations occur inside the cell. 
Mechanical loading causes the cell membrane to be deformed and this deformation 
causes some gaps to be formed on cell membrane as well as activating NMDA or non-
NMDA glutamate receptors. These events trigger the increased level of intracellular Ca2+.  
The rapid elevation of Ca2+ inside cells leads to activation of secondary events such as 
production of reactive oxygen species (ROS), increase in lipid peroxidation, change in 
the activation of MAPK proteins, and change in the gene expressions. Combination of 
these signaling events cause further cell damage and cell death. 
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CHAPTER 2: A CELL SHEARING DEVICE TO ANALYZE THE 
RESPONSE OF PC2 NEURONAL CELLS TO 
HYRODYNAMIC INSULTS 
 
 
 
 
 
2.1 INTRODUCTION 
2.1.1 Biomechanical Approach to Mimic TBI 
Traumatic Brain Injury (TBI) is one of the leading causes of death and disability in the 
U.S. The high occurrence and huge cost to the society of TBI has urged the development 
of various experimental approaches, either in vivo or in vitro, in order to understand the 
injury mechanism leading to cell and tissue dysfunction and death. The integration of 
macroscopic and microscopic injury models is necessary to understand the time course of 
the injury and its underlying mechanism better.  Incorporation of the results obtained 
from basic research with the clinical data can be very important to determine the tissue 
tolerance and to develop new therapeutic strategies or improve the existent ones for TBI. 
Inertial (acceleration) loading to the head during impact may cause serious impairment to 
the brain (Gennarelli, 1993; Ommaya and Gennarelli, 1974; Thibault and Gennarelli, 
1985; Graham et al., 1993). Previous studies conducted by Gennarelli and colleagues 
(1982; 1984) in an animal model showed that various loading conditions lead to acute 
and delayed physiological responses. These loading conditions were subsequently applied 
to physical model simulations in the primate (Margulies et al., 1990) in order to identify 
the temporal and spatial patterns of deformation in TBI. Later, these patterns were used 
as input parameters for in vitro models (Galbraith and Thibault, 1993; Saatman and 
Thibault, 1994; Cargill and Thibault, 1996). The loading parameters derived from 
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macroscopic models not only provide information on systemic responses to injury, but 
also serve as tools to estimate relevant mechanical behavior of tissue and cells. 
 
TBI is initiated when the initial loading levels surpasses the structural integrity of the 
brain tissue and its substructures (Graham et al., 1988; Gennarelli, 1993; Siesjo, 1993). 
The initial loading causes extensive depolarization and damages tissue through transient 
shear forces that mechanically deform tissue components, especially axons and 
microvessels. Furthermore, although there is little evidence for initial energy depletion, 
subsequent tissue edema and microvascular perfusion shunting may cause focal ischemia 
in some areas. These events lead to a final common pathway of neuronal death that 
involves loss of cellular Ca2+ homeostasis, production of free radicals, activation of 
signaling cascades, and tissue acidosis. 
 
Understanding the single cell response to mechanical injury is an important step in the 
development of efficient treatments and improved injury tolerance criteria. Various 
cellular events are complex and interrelated, and identification of these events is almost 
impossible in a whole organism.  An isolated cell from a system in an organism may be a 
simple representation of that system and its response to a controlled input. 
Characterization of the single cell response to mechanical insults in an isolated 
environment can provide deeper understanding about the whole system response in an 
organism. Additionally, well understood and characterized cellular injury models present 
an opportunity to test potential therapeutic agents in an experimental environment, which 
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is a necessary step before the application of such potential agents to animal models and 
clinical models. 
 
2.1.2 Existing in vitro Models 
Previously developed in vitro models of TBI showed success in the study of cell 
responses to mechanical loadings. Different investigators have used different mechanisms 
to create mechanical trauma on the cells including tearing/scratching cells (Regan and 
Choi, 1994; Mukhin et al., 1997), fluid percussion (Shepard et al., 1991), compression 
pressure (Murphy and Horrocks, 1993), rapid acceleration (Lucas and Wolf, 1991), 
biaxial-strain (Cargill and Thibault, 1996; Winston et al., 1993; Ellis et al., 1995), and 
parallel-disc viscometer (LapLaca and Thibault, 1997). Some of these in vitro models 
lack the ability to control or even to quantify the precise mechanical input loading, 
particularly the rate, over a large dynamic range. In the commonly used model of Regan 
and Choi (1994), neuronal cells in culture dishes are scratched off with a stylet to identify 
the response of the cell to mechanically induced ruptures. The main limitation of this 
model is that an uncontrolled number of cells are lysed, and the response of the remaining 
cells might be due to substances released by the lysed cells rather than a response to 
injury per se. The fluid percussion (Shepard et al., 1991), compression pressure (Murphy 
and Horrocks, 1993), and rapid acceleration models (Lucas and Wolf, 1991) do not 
reproduce the essential features of the mechanical loading associated with TBI. In the 
biaxial strain models (Cargill and Thibault, 1996; Winston et al., 1993; Ellis et al., 1995), 
which provide a non- impact form of in vitro injury, the strain is produced by deflecting a 
membrane upon which the cells are cultured by applying hydrostatic pressure differences. 
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This motion out of the focal plain of the microscope prevented observation of the cells 
during the strain. The most severe limitation of these models was the non-uniformity of 
the strain field produced and the difficulty in controlling strain and strain rate 
independently.  
 
A microscope-mounted in vitro traumatic injury model developed by LapLaca and 
Thibault (1997) solves two of these problems. Based on the spinning-disc viscometer, 
this model has the ability to apply fluid shear stress with variable onset rates and 
magnitudes.  The cells cultured on the stationary discs can be microscopically observed 
throughout the experiment. However, because the velocity of the spinning disc increases 
radially, the stress created on the cells is not uniform. 
 
To produce the loading-rate dependent mechanical injury in cultured cells and investigate 
the cellular events that occur following the injury, it was necessary to develop a new 
device which is capable of precisely controlling the onset flow rate over a wide range of 
conditions. Recently, Blackman and colleagues developed a new device based on the 
principles of the cone-and-plate viscometer (2000). This device is similar to parallel-disk 
viscometer in operation, but it has the ability to distribute the hydrodynamic flow 
uniformly to the environment. To injure the cells in a uniform fashion is very important 
for the interpretation of results for which the responses of all the cells in the population 
are analyzed together. Also, fluid shear created over the stationary cells allows a direct 
and easy observation of the cells following the injury.  LaPlaca and Thibault (1997) 
previously showed that using a rapid fluid shear stress with well-defined magnitudes and 
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loading rates as a mechanical input led to a range of cell strains and triggered different 
cellular responses such as elevated [Ca2+]i levels and immediate LDH release. These 
results demonstrate that rapid injury of the cell membrane may have a key role in 
triggering the secondary cellular events and reinforce the need for the characterization of 
injury induced responses at the cellular level. 
 
2.1.3 Features of the Cell Shearing Injury Model 
To investigate the mechanism of loading rate dependent responses in cultured cells, the 
model system should provide precise and controlled onset rates of flow over a wide range 
of physiological and pathological conditions of trauma. Modeling TBI in vitro begins 
with the selection of loading forces and their onset rates. A model based on the shearing 
forces can provide a simulation of TBI induced injury on the cells in vitro (Holbourn, 
1943). Recently, Blackman et al. (2000) demonstrated that application of hydrodynamic 
shear stress on cultured endothelial cells with controlled onset rates selectively modulates 
physiological responses such as an increase in intracellular Ca2+ levels, and produces a 
rate dependent injury of the cell membrane. 
 
The biomechanical and functional responses of a cell following the mechanical insults are 
primarily dependent upon two parameters: the magnitude of initial mechanical loading 
and onset time. To determine the rate dependent cellular response, these parameters must 
be reproducible. The controlled cell shearing injury device (CCSD) was developed 
(Blackman et al., 2000) to deliver a controlled, uniform, reproducible fluid shear stress as 
a mechanical input to injure the cells while simultaneously monitoring the various 
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morphological and metabolic responses at the single cell level.  In this study, fluid shear 
stress was applied to the neuronal cells using the CCSD. Once the required loading 
conditions, loading and loading rates, to produce a relevant cell injury were determined, 
this paradigm was applied to cells throughout the study to determine the magnitude of 
cellular injury and its effects on the cellular level. Examination of the effects of 
controlled mechanical insults on cultured neuronal cells can provide valuable information 
for understanding different cellular events that occur following the injury. 
 
The cone and plate system is a well defined rheological system which provides a 
homogenously distributed laminar flow generated by a rotating cone on stationary plate. 
The fluid shear stress input in CCSD is produced by a rotating cone over the surface of 
the cells cultured on a coverslip which is placed in a fluid-filled stationary plate  
(Figure 2.3).  In many studies, similar models have been used to produce shear stress on 
cultured cells by using both steady and pulsatile flows (Davies et al., 1984; Dewey et al., 
1981; Nomura et al., 1988; Sutera and Nowak, 1988; LaPlaca and Thibault, 1998; 
Blackman et al., 2000). A main advantage of the CCSD over similar shearing devices is 
its capability to allow the application of rapid loading rates which permits the direct 
analysis of the rate dependence. CCSD also provides microscopic observation of the cells 
following the injury. 
 
2.1.4 Features of PC2 Neuronal Cells 
In this study, the cell model used was a neuronal cell line that had been previously 
established by Pittman and his colleagues (1993). They developed a subline derived from 
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pheochromocytoma cell line PC12 that is highly responsive to nerve growth factor (NGF) 
(Greene and Tishler, 1976; Levi, 1991), and is similar to sympathetic neurons. Clonal 
PC12 cells were originally isolated from a catecholamine secreting adrenal medullary 
tumor in New England Deaconess Hospital strain of white rats. This clonal cell line 
resembles an adrenal chromaffin cell under normal growth conditions. PC12 cells are 
small (6-14 µm in diameter), round, catecholamine-containing cells that grow in standard 
serum-supplemented medium with a doubling time of between 48 and 96 hr (Fujita et al., 
1989). They attach to plastic culture surfaces, but relatively loosely, and so for normal 
maintenance, trypsinization is not required. However, for long term maintenance, 
collagen or polylysine substrates are advisable. The cells growing in plastic tissue culture 
dishes become heterogeneous in morphology after 25 to 35 passages. A variety of ion 
channels have been identified in PC12 cells such as voltage dependent Na+ channels, 
Ca+2 channels, K+ channels, and Ca2+ dependent K+ channels (O'Lague and Huttner, 
1980; Arner and Stallcup, 1981). PC12 cells have receptors for a number of different 
ligands such as NGF, mitogen epidermal growth factor (mEGF) (Huff et al., 1981; 
Pevzner et al., 1982),   epidermal growth factor (Boonstra et al., 1985), and fibroblast 
growth factor (FGF) (Neufeld et al., 1987). Other types of receptors present on PC12 
cells are nicotinic and muscarinic acetylcholine receptors (Green and Rain, 1977; Patrick 
and Stallcup, 1977; Jumblatt and Tischler, 1982), adenosine receptors (Guroff et al., 
1981), enkephalin receptors (Inoue and Hatanaka, 1982), and bradykinin receptors (Van 
Calker and Heumann, 1987). 
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There are two different forms of NGF receptors present on these cells (Landreth and 
Shooter, 1980; Schechter and Bothwel 1981). These forms are distinguished on the basis 
of their off-time, the rate with which the ligand, NGF, is released from its binding site.  
About 95% of the total receptors are so-called “fast” receptors, and the remaining are 
known as “slow” receptors. When PC12 cells are treated with trypsin or extracted with 
Triton X-100, the number of fast receptors is depleted; the slow receptors are relatively 
resistant to these treatments (Vale and Shooter, 1983).  In the presence of NGF, PC12 
cells undergo mitotic arrest and differentiate both morphologically and biochemically 
into nerve cells (Greene and Tischler, 1982; Huffaker et al., 1984) and resemble the 
sympathetic neuronal phenotype (Martin et al., 1988; Koike et al., 1989; Wallace and 
Johnson, 1989; Chang et al., 1990; Martin et al., 1990) . The process of differentiation 
entails various physiological and biochemical changes in the cell such as neurite 
outgrowth, increased expression of many neuronal proteins and receptors, and NGF 
dependence. Thus, the PC12 cell line has been widely used as a neuronal cell model as 
well as a model for NGF regulated cellular events (Isom and Borowitz, 1993; Shafer and 
Atchison, 1991; Gysbers and Rathbone, 1995; Pittman et al., 1993). 
 
In vitro differentiation of PC12 cells may be influenced by differences in growth media 
(Fujita et al., 1989), substrata (Fuji et al., 1982; Van Busrik et al., 1988; Chu and 
Tolkovsky, 1994), extracellular matrix proteins (Wujek and Akeson, 1987; Chu and 
Tolkovsky, 1994) and cell-cell interactions (e.g., as shown in co-culture experiments) 
(Cochran and Black, 1985; Mizrachi et al., 1990).  Pittman and colleagues demonstrated 
that PC12 cells can be cultured under conditions that result in dependency on NGF for 
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survival, and following removal of NGF, cells undergo transcription-dependent cell death 
(1993). The two factors that appeared to be most critical for converting PC12 cells into an 
NGF-dependent differentiated state were selection of an appropriate subline of PC12 
cells and then a switch from  a typical PC12 medium (RPMI containing 10% horse and 
5% fetal calf serum) to a serum free medium. They also pointed out that there is no single 
point in time when the entire population of PC12 cells becomes dependent on NGF, but 
rather this occurs over several days. It has been shown that the sequence of events that 
occurs following removal of NGF from PC12 cells is very similar to those occurring in 
sympathetic neurons following removal of NGF (Martin et al., 1988); however, events 
occur over a shorter time course in PC12 cells compared to sympathetic neurons. Pittman 
and colleagues have used 19 sublines of PC12 cells. The PC2 subline of PC12 cells were 
characterized as growing in small aggregates and exhibiting a rapid and robust response 
to NGF (Figure 2.1). Some advantages of this cell model system are: (1) a homogenous 
neuronal population, (2) availability of cells in a large quantities, and (3) correspondence 
between in vitro behaviors (Martin, et al., 1988) with in vivo events (Oppenheim et al., 
1990). The main limitation of this model is the spontaneous death of cells (which is up to 
10%) even in the continual presence of NGF (Pittman et al., 1993).  
 
As explained above, NGF produces both rapid and delayed cellular responses that are 
involved in neuronal differentiation. Although PC2 cells are initially modified to become 
terminally differentiated neuronal cells with the NGF induction; previous studies have 
used only morphological changes in these cells to show PC2 cells are terminally 
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differentiated. So, in this study, we chose some neuronal molecular markers specific for 
only differentiated neuronal cells to verify this cell culture model.  
 
There are different types of neuronal markers which have been used to identify 
differentiated cells from undifferentiated cells. Some neuronal cytoskeletal proteins 
which have been studied in PC12 cells include neurofilaments (NFs) (Virtanen et al., 
1981; Lee et al., 1982), microtubules associated proteins (MAPs) (Greene et al., 1982: 
Greene et al., 1983; Drubin et al., 1985; Black et al., 1986; Brugg and Matus, 1988) and 
the neuron specific class III ß-tubulin isotype (ß tubulin-III) (Asai and Remolona, 1989). 
These are the major proteins which are responsible for neuritogenesis. These findings are 
consistent with the presence of neuronal cytoskeletal proteins in neuronal cells of the 
adrenal medulla including chromaffin cells (Katsetos et al., 1998). NFs are the most 
abundant components of myelinated axons in nerve cells (Lee and Cleveland, 1996; Elder 
et al., 1998). NFs belong to one of the type IV subfamilies of the multigene family of  
10-nm diameter intermediate filaments (IF) (Shaw, 1991). In mature axons, NF proteins 
are assembled from three polypeptide subunits with apparent molecular weight on SDS-
PAGE of 70 kDa (NF-L), 160 kDa (NF-M), and 200 kDa (NF-H) (Table 2.1). Each NF 
subunit is encoded by a separate gene. However, each of the subunits contain a-helical, 
coiled-coil “core” domains which are highly homologous to one another at the amino 
acid sequence level (Figure 2.2) (Lee et al., 1987). NF genes also share one important 
characteristic with other intermediate filament genes, namely, their tissue specific 
expression during development (Steinert et al., 1985). All three NF proteins are 
phosphorylated in vivo, but this occurs in proportion to the mass of each subunit,  
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such that NF-H is the most extensively phosphorylated form especially in its lysine-
serine-proline (KSP) repeats placed in carboxy-terminal end (Julien and Mushynski, 
1982), NF-L the least phosphorylated and NF-M is the intermediate between NF-H and 
NF-L in its phosphate content (Lee et al., 1987). It has been demonstrated that PC12 cells 
express the NF triplet (Lee et al., 1982; Lee et al., 1984; Sharp et al., 1982; Lindenbaum 
et al., 1987) and that treatment of these cells with NGF stimulates the biosynthesis and 
phosphorylation of NF subunits as well as increasing the metabolic stability of the 
subunits. NGF treated PC12 cells express relatively large amounts of NF-L and NF-M 
but low levels of NF-H (Lee et al., 1984; Lindenbaum et al., 1987) and appear to 
represent an interesting model system to study the regulation of differential NF gene 
expression (Lindenbaum et al., 1988). 
 
Aletta (1996) showed that neurite formation in PC12 cells was accompanied by the 
phosphorylation of ß tubulin-III proteins. Tubulin is a major protein found in 
microtubules as a heterodimer of two 50-kDa subunits designated a and ß (Dustin, 1984). 
There are at least four different evolutionarily conserved classes of ß-tubulin that are 
distinguished by both their variable carboxy terminal end sequences and patterns of 
expression during development (Sullivan and Cleveland, 1986).  However, type-III is the 
only one which is neuron specific (Sullivan, 1988). It has been shown that ß tubulin-III is 
phosphoryla ted in response to NGF treatment, but types II and IV, analyzed under same 
conditions, are not detectably modified in the same way in PC12 cells (Aletta, 1996).  
PC12 cells are currently the premiere tool for the study of NGF response of the neuronal 
cells, but more than that, they have become a very important model for the study of 
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neuronal differentiation. PC2 cells are the PC12 cell subline which is highly responsive to 
NGF for differentiation into neuronal cells; therefore, in this study, this cell line was used 
as in vitro neuronal cell model.   
 
2.1.5 Summary of Experimental Approach 
In the present study, the first objective was to characterize the neuronal cell culture model 
in vitro. To characterize PC2 cell line, a monoclonal antibody made specifically for the  
ß tubulin type-III isotype (Benarjee et al., 1990) was used. This particular type is neuron-
specific and appears phosphorylated near the carboxy terminal end. Phosphorylation 
occurs relatively late in the NGF signal transduction cascade and increases progressively 
with increasing duration of NGF exposure concomitant with more extensive neurite 
outgrow (Aletta, 1996). The second objective was to examine the different loading rates 
that cause mechanical injury of the neuronal cells. Finally, membrane permeability and 
cell viability were assessed in these neuronal cells to characterize the injury severity as a 
function of the magnitude and rate of the mechanical loading. 
 
2.2 DESCRIPTION OF CONTROLLED CELL SHEARING INJURY  DEVICE 
(CCSD) 
 
The CCSD (Figure 2.3) was developed (Blackman et al., 2000) to impose controllable, 
quantifiable, and reproducible mechanical stimulation in the form of fluid flow induced 
shear stress on the surface of cells in vitro while simultaneously monitoring various 
metabolic and morphological responses at the single-cell level.  
 
    29
    
This system design is based on the cone-and-plate construction which is a well defined 
rheological model in which a homogenously distributed laminar flow over the surface of 
the cells is generated by a rotating cone (Bussolari et al., 1982). The conical surface is 
positioned above a stationary flat plate and the fluid medium between these two surfaces 
is set in motion by rotating the cone to create a uniform level of fluid shear stress 
throughout the entire surface of the cells cultured on the coverslips. 
 
The CCSD device consists of three basic units: the culture environment, the drive system, 
and the control system.  The culture environment consists of stainless steel plate, 
adaptable to be fixed on a microscope stage of a Nikon Diaphot Eclipse TE300 
microscope (Optical Apparatus, Inc., West Chester, PA) and an interchangeable well 
which is integrated into the base unit. A vacuumed circular recess on the plate suctions 
the 25 mm coverslip to provide a stationary base for experimental analysis. The clear 
vision created by coverslips allows the cells to be continuously monitored via a 
microscopy image acquisition system. 
 
The rotation of the cone assembly is accomplished with a timing belt-pulley connection 
to the stepper motor. The upper cone is fabricated from stainless steel and is rigidly 
attached to a hollow cylinder which rotates about its axis. The entire cone assembly is 
mounted to dual micrometer-driven translation stages mounted along the z- axis to adjust 
the cone height manually. This feature allows the cone to be gently lowered into the 
fluid-filled environment in order to minimize any disturbance to the cells and allow 
precise control of cone and plate separation a procedure which is essential to produce a 
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uniform shear stress over the entire cell population. An important feature of this geometry 
is the fabrication of a 0.5° cone angle with a smooth surface finish (i.e., free of defects). 
In order to maintain laminar flow field and minimize secondary flow effects, the 
modified Reynolds number should be much less than 1 (Sdougos et al., 1984). Therefore, 
a shallow cone angle design provides a uniform shear stress distribution throughout the 
flow field for a wider range of speeds.  
 
A novel stepper motor drive system allows a controlled dynamic fluid environment. The 
system consists of three basic units: the microstepper motor, controller/indexer  
(Zeta 6104), and the interface software, COMPUMOTOR 6000, (Parker Hannifin 
Corporation, Compumotor Division, Rohnert Park, CA).  COMPUMOTOR 6000 is a 
Microsoft Windows-based program which operates as an interface between user and the 
control system. User-defined motor parameters, including the acceleration, deceleration, 
angular velocity, duration, and direction, are programmed into the software to provide 
arbitrary definition of the exact mechanical stimulation over a wide range of conditions. 
The whole system is capable of producing shear stresses ranging up to 100 dyn/cm2 and 
shear stress rates as great as 5000 dyn/cm2.sec-1 or as slow as 0.1 dyn/cm2.sec-1. The 
system allows the experimenter to input user-defined velocity profiles in the computer, 
load them into the Zeta controller unit, and then send the information out to the stepper 
motor by activating the program. The rotational movement of cone causes the fluid in the 
chamber to rotate creating a dynamic shear stress on the cells.  The accuracy of the 
angular velocity is rated at ±0.02% of the maximum speed, and the step resolution of the 
stator (i.e., motor’s shaft) is 25,000 steps per revolution (or 0.0144°/step).  
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2.3 MATERIALS AND METHODS 
 
2.3.1 Injury Paradigm 
PC 2 cells were cultured on coverslips in 6-well culture plates and treated with NGF. 
These cells were subjected to shear stress by using CCSD seven days after plating. Prior 
to experimentation, the cells were rinsed with 1X Eagle’s Balanced Salt Solution (EBBS) 
(Life Technologies, Inc., MD) two times to get rid of any floating cells at each time.  
Then they were placed into the 6-well plates filled with fresh cell medium including  
50 ng/ml of 2.5S NGF. Then coverslips with the PC2 cells were transferred to the cell 
injury device where a special injury protocol was applied to them (Figure 2.5). It was 
previously suggested that injury severity is dependent on the loading rate (Blackman  
et al., 2000; LaPlaca et al., 1997). To vary loading rate over a wide range, the cone 
velocity was increased from zero to variable peak value. In preliminary studies, we found 
that high and sustained levels of shear stress caused significant loss of cells from the 
culture surface. Therefore, following the initial rapid increase in shear stress to its peak 
value, it was immediately reduced to a lower steady value. The total application time of 
these shear stresses was about 200 msec. The rationale for maintaining the lower steady 
level of shear tress following the initial impulse comes from electroporation studies. 
External impulses (e.g., electrical impulses) can cause structural changes in biological 
membranes and lipid bilayers leading to reversible pore formation (electroporation) with 
cross membrane material flow (Sugar and Neumann, 1984). Zhelev and Needham (1993) 
have previously shown that when membrane pores were formed in a lipid bilayer 
membrane under low tension, these pores had rapid resealing capacity; however, 
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application of higher tension on the membrane permitted longer- lived pores. Therefore, it 
was critical to determine the right combination of onset rate and shear stress magnitude to 
maximize injury severity while minimizing cell detachment. Right after coverslips held in 
the well in the stationary stage using vacuum, 1 ml culture medium was added onto the 
coverslip. Then fluid flow induced shear stress was applied to the cells by using the 
injury protocol described above with 100 dyn/cm2 peak shear stress and 20 dyn/cm2 of 
steady shear stress for about 200 milliseconds (msec). Subsequently the coverslip was 
returned to 6-well plate. The remaining cell medium in the well was collected and added 
into the plate. Finally cells were incubated at 37°C. The two types of controls used at each 
time point were untouched controls which were kept all the time under the cell culture 
hood.  After they were washed, fresh medium was added, and they were returned into 
incubator; Sham (uninjured) controls were placed in the CCSD without applying any 
insult, and then they were also incubated with others for 24 hours to use in for further 
analysis. 
 
2.3.2 Cell Culture 
PC2 cells (provided by Dr. R. Pittman, Department of Pharmacology, University of 
Pennsylvania Medical School, PA) were cultured according to the method of Greene and 
Tishler (1976). Briefly, cells were plated onto both 35 mm 6-well tissue culture plates 
(experimental cultures) and 100 mm petri dishes (stock culture) in RPMI 1640 (Fisher, 
IL) medium supplemented with heat- inactivated horse serum (10%), fetal bovine serum 
(5%), penicillin (50 IU/ml) and streptomycin (50 µg/ml), and L-glutamine (2 mM) 
(Fisher, IL). Stock and experimental cultures were incubated at 37°C in a humidified 
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atmosphere of 95% air and 5% CO2. 100 mm petri dishes were coated with rat-tail 
collagen (Biomedical Technologies, MA). A thermanox plastic coverslip (Fisher, GA) 
was placed into each well of 6-well tissue culture plates, and then the wells were coated 
with 4 µg/cm2 poly-D-Lysine and 0.20 mg/cm2 of Matrigel® Basement Membrane 
Matrix (Becton Dickinson, MA). Cells were plated at a density of 2300 cell/cm2.  
Experimental cells were terminally differentiated by addition of 2.5S NGF (50 ng/mL) 
(Becton Dickinson, MA) in serum-free medium for 7 days. Over the course of 7 days, 
PC2 cells differentiate into cells with a neural- like morphology (Figure 2.1 and  
Figure 2.4B) such as axons and dendrites, which was observed using a phase-contrast 
microscope. Both experimental and stock cell cultures were checked by light microscope 
on every second day and fed with fresh medium.  
 
2.3.3 Neuronal Cell Characterization  
To detect the specific proteins, western blot analysis was used. Both injured and control 
cells were harvested by scraping and transferred into the 15 ml falcon tubes with their 
medium to collect both attached and detached cells. The cells were centrifuged at 500 g 
for 10 min, and then the resultant pellets were washed two times with ice cold 1X Earl’s 
Balanced Salt Solution (EBSS) (Sigma, MO). After washing, the pellets were dissolved 
with 100 µl of 1X SDS Sample Buffer (50 mM Tris-HCl pH 6.8, 2% SDS,  
10% glycerol). Between centrifugation steps, cells were kept on ice. The protein 
concentrations were quantified according to standard Bradford Assay (Bradford, 1976). 
Equal amounts of proteins were separated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) (Laemmli, 1970) using a 7.5% or 10% polyacrylamide gels. Before loading 
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the protein samples, 5% 2-mercaptoethanol was added into each sample, and samples 
were boiled at 95°C for 5min. Proteins (20µg) were separated on the gel with running gel 
buffer (1X Tris-Glycine, 0.1% SDS) for about 2 hours at 10 mAmp per gel. The 
separated proteins were electrophoretically trans ferred to PVDF membrane (Bio-Rad, 
CA) with 1.5X transfer gel buffer (1X Tris-Glycine, 20% methanol) for 1.5 hours at  
120 mAmp. The resultant blots were incubated in 5% dry milk in TBS-T (25 mM Tris-
HCL pH 7.4, 137 mM NaCl, 0.2% Tween-20) for 1 hour at RT to block nonspecific 
binding sites on the blots. The blots were then incubated with primary antibodies 
overnight at 4°C. Primary antibodies were against anti dephospho NF-H (RMDO9),  
anti-phospho NFs (RMDO20), and anti-phospho NF-H (SMI32) (provided by Dr. 
Virginia Lee, Department of Pathology and Laboratory Medicine, University of 
Pennsylvania Medical School, Philadelphia, PA). Primary antibody against anti-ß-tubulin 
isotype type-III was obtained from Sigma (St. Loius, MO). The dilutions used for NF 
primary antibodies were 1:1000, and for ß-tubulin isotype type-III, 1:500.  For all 
immunoblottings, blots were incubated with goat anti- rabbit IgG (Immunoglobulin) 
secondary antibody (1:2000) conjugated to horseradish peroxidase (HRP) (Cell Signaling 
Tech., MA) for 1 hour at RT on slowly tilting platform to allow detection of the 
appropriate bands using enhanced chemiluminescence (ECL) (Amersham, NJ). Between 
each incubation step, the blots were washed three times with TBS-T, about 5 min each 
time. The corresponding protein bands were exposed on X-ray Fuji Films (Fisher, GA), 
and then the densitometry analysis was carried with UN-SCAN-IT gel Software 
(Automated Digitizing System, version 4.1 for Windows) (Silk Scientific Corporation, 
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UT), which turns the scanner into a high speed densitometer and allows an automatic 
analysis of the images at full scanner resolution. 
 
2.3.4 Examination of Injury Dose Dependence and Onset Rate Dependence of  
Mechanical Injury   
 
To establish a dose-response relationship between applied mechanical loading and 
subsequent cell injury; the peak shear stresses ranging between 50 dyn/cm2 and  
100 dyn/cm2 were applied to the cells at a fixed onset time. Two different shear stresses 
were applied to the cells during trauma: peak shear stress and steady shear stress. The 
onset rate dependence of mechanical injury was determined by applying the same peak 
shear stress magnitude (50 dyn/cm2) using a range of onset times (15 msec-40 msec). 
 
2.3.5 Assessment of Cell Viability 
Trypan-Blue Staining (Sigma, MO) was used to determine the number of dead cells 
compared to live cells in both injured and control samples as previously described 
(Colowick and Kaplan, 1963). After 24 hours incubation following the injury, dead cells 
were identified due to the color change because dead cells loose their membrane integrity 
and they become permeable to the dye.  Unstained cells, which are impermeable to 
trypan-blue, are counted as live. Live and dead cells were counted manually by using a 
hematocytometer with a light microscope.  
 
Additionally, the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay (Sigma, MO) was used to quantify cell viability.  
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MTT dye is reduced to form a dark blue formazan dye by dehydrogenases present in only 
metabolically active cell mitochondria. The assay was performed as described before by 
Mosmann et al. (1983) with some modifications. Briefly, 100 µl of MTT (5mg/mL) was 
added to 900 µl of cell medium for both control and injured cells beginning 24 hours 
after the injury. The cell cultures were then incubated at 37°C for about 3 hours. Then,  
1 ml of extraction buffer (20% SDS, 50%DMF (Sigma, MO)) was added into each well 
to dissolve formazan crystals as described by Hansen et al. (1989). After cells were 
incubated overnight with 1ml of extraction buffer at 37°C, the cell solutions were used to 
measure absorbance at a test wavelength of 570 nm, and a reference wavelength 
(background) of 630 nm.  
 
2.3.6 Assessment of Membrane Integrity 
Lactate Dehydrogenase (LDH) release into extracellular space was assayed as a measure 
of membrane integrity, using commercially available CytoTox-ONE™ kit (Promega, WI) 
as described by manufacturer. The extracellular bath was sampled (100µL) prior to 
mechanical stimulus, right after the mechanical stimulus, within 15 min, 1 hour, 3 hours, 
6 hours, 24 hours post-stimulus.  For each time point, sampling of extracellular bath was 
made three times and transferred into 96-well tissue culture plates (Fisher, IL), 
compatible with a fluorometer (clear and solid bottom). The cell plates were tilted during 
each sampling and the samples were pipetted by placing the pipet tip deep into the cell 
medium to ensure a mixed sample. At each time point, control cells were lysed to get the 
total amount of LDH present. Sham controls were sampled in the same way as injured 
cells. Following the incubation with the reagent, each reaction was stopped with an 
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addition of 50 µl of Stop Solution provided with the kit to prevent the further generation 
of fluorescent product. Values were normalized to volume, and LDH release rate from 
the cells was calculated according to difference in cumulative LDH release between time 
points divided by the interval. LDH release was assesses by using CytoFluorometer 
(kindly provided by Dr. Lelkes’s Lab, Drexel University and by Monika Jost, PhD, 
Radiation Oncology, Flow Cytometry Facility, Drexel University Health Systems, 
Philadelphia, PA ) with an excitation wavelength of 570 nm and an emission wavelength 
of 590 nm.  
 
2.3.7 Statistical Analysis 
The data were expressed as mean ± SD. Statistical analysis was performed using one-way 
analysis of variance (ANOVA), followed by Tukey’s test to determine significance of 
data between groups. A p value <0.05 was considered as significant. 
  
 
2.4 RESULTS 
 
2.4.1 Determination of Mechanical Insult to mimic TBI in vitro 
Our preliminary studies showed that maintaining the high peak velocity for too long 
(more than 30 msec) resulted in widespread cell detachment from the substratum during 
the mechanical loading, Also, the use of different cell attachment proteins (rat tail 
collagen, cell-TAK™, and poly-D-Lysine with Matrigel®) for cell attachment to 
substratum demonstrated that the proper attachment of the cells is a critical factor to 
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create high mechanical injury on the cells with fluid shear stress. In the initial 
experiments, cell-TAK™ was used to attach the cells to surface; however, the 
manufacturer stopped the production of this protein forcing us to investigate other 
attachment proteins. Then we started to use poly-D-Lysine and Matrigel® which were 
previously proved to be not only effective for strong attachment of PC12 cells to the 
surface but also to be effective for cell differentiation (Keshmirian et al., 1989). The 
degree of injury of PC2 cells attached by poly-D-Lysine and Matrigel® was higher than 
the injury created on the cells attached to surface with cell-TAK™. The results showed 
that the proper attachment of the cells to substratum is critical to create severe injury of 
neuronal cells in vitro.  
 
2.4.2 Cell Characterization with Specific Markers 
As previously explained in section 2.3.3 (under Material and Methods), some molecular 
markers were chosen to characterize the terminally differentiated PC2 cells. Two 
different neuronal cell markers were used to demonstrate the terminal differentia tion in 
this cell model. One of them was NF-H and the second one was ß-tubulin type-III 
proteins. These two types of protein families are both specifically found in neuronal cells. 
 
To examine the presence of NF-H proteins in PC2 cells, cells were cultured with and 
without NGF for 7 days and proteins were extracted as described above (Section 2, 
Materials and Methods). Then the proteins were probed with specific primary antibodies 
against NF-H dephosphorylated forms (RMD020, and RMD09) and NF-H 
phosphorylated form (SMI31). Each antibody was specific for its respective antigen, with 
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only cross-reactivity toward the other two subunits (-M and –L), and recognized 
dephosphorylated subunits. It was noted that there was an increased mobility of 
dephosphorylated NF-H proteins (Julien and Mushynski, 1982).   
 
Proteins extracted from PC2 cells grown with and without NGF showed 5 different bands 
on SDS-PAGE gel after probing with RMDO20. The corresponding molecular sizes of 
these bands were about 200 KDa, 168 KDa, 148 KDa, 138 KDa, and 68 KDa  
(Figure 2.6). The first 4 bands were very faint in the PC2 cell extract treated with no 
NGF. It was apparent that NGF treatment stimulated a marked increase in the synthesis 
of these proteins. Most probably, 200 KDa and 168 KDa proteins were representing  
NF-H dephosphorylated proteins. The 148 KDa proteins may be either –H or –M form. 
The 138 KDa proteins represent the NF-M dephosphorylated form, and the 68 KDa 
proteins represent NF-L forms. RMDO9 immunoreactivity with protein extracts of PC2 
cells gave 6 different bands on the SDS-PAGE gels. The corresponding molecular sizes 
of these bands were 230 KDa, 210 KDa, 168 KDa, 138 KDa, 110 KDa, and 68 KDa 
(Figure 2.7). In this case, the first three bands were most probably the –H forms, the last 
one was –L form, and the other two were –M forms. The immunoreactivity with SMI31 
monoclonal antibody showed 250 KDa, 138 KDa, 110 KDa, and 68 KDa bands on SDS-
PAGE gel (Figure 2.8). In this case, 250 KDa was most probably representing the highly 
phosphorylated form of the –H form, and other bands were representing –M and –L 
forms. According to Georges and Mushynski (1987), there can be modified forms of each 
of the NF subunits and due to cell line; the expression level of these subunits may also 
vary. All these factors may affect the molecular sizes of the original NF proteins. 
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The second marker used for neuronal differentiation was ß-tubulin type-III protein.  
Proteins extracted from PC2 cells with and without NGF at 7 days showed 
immunoreactivity with monoclonal antibody against ß-tubulin type-III (Figure 2.9A and 
B). NGF treatment induced an increase in the phosphorylated ß-tubulin type-III proteins 
in PC2 cells two-fold compared to PC2 cells cultured without NGF.  
 
2.4.3 Injury Dose Dependency and Cell Viability Following the Shear Injury 
The various shear stress magnitudes and loading rates were tested to optimize mechanical 
injury of cells. The magnitudes of cell injury for the different mechanical insults were 
quantified using cell viability and membrane integrity assays. For dynamic loading 
conditions, groups with same rise time and steady shear stress but different peak shear 
stresses yielded 14-21 % injury on the cells which were plated on cell-TAK™ (BD 
Biosciences, MA)  ( Figure 2.10). The analysis performed with same peak shear stress 
(50 dyn/cm2) and steady shear stresses ranging between 15 and 20 dyne/cm2 with various 
onset times showed a direct correlation between the magnitude of injury and the onset 
rate of shear stress (Figure 2.11). The greatest injury detected with trypan blue analysis 
was 25 ± 3.72 % (Figure 2.12). 
 
The dose dependency of loading conditions was also determined with MTT assay  
(Figure 2.13) with the cells which were cultured as described in cell culture method 
(Section 2.3.2 under Material and Methods). Again, increasing peak shear stresses caused 
greater losses in viability.  However, using the Matrigel substrate allowed a greater peak 
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shear stress (100 dyn/cm2) to be applied without significant cell detachment enabling a 
maximal injury severity of 46 % (Figure 2.14).  
 
2.4.4 The Change in Membrane Integrity Following The Injury 
LDH release to extracellular space serves as a simple measure of cell damage, 
specifically membrane integrity, since it has no known mechanisms of membrane 
transport. LDH is an enzyme which is found in cell cytoplasm, and its high molecular 
weight prevents it from crossing intact cell membranes.  It catalyzes the conversion of 
pyruvate into lactate in the presence of ß-nicotinamide adenine dinucleotide (NADH). 
The assay measures the release of LDH from damaged cells by supplying lactate, NAD+, 
and resazurin as substrate in the presence of diaphorase. Since resazurin is converted to 
resorufin, the assay is based on measurement of the resorufin production; the total rate of 
resorufin production has a direct relationship with the LDH activity of the sample. This, 
in turn, shows the loss of membrane integrity of the injured cells. The assay is ideal 
because it maximizes the amount of information available from a single culture plate. 
This technique has been widely used for glutamate neurotoxicity studies (Koh and Choi, 
1987), membrane integrity studies (LaPlaca et al., 1997; LaPlaca and Thibault, 1998), 
and cellular cytotoxicity studies (Decker and Lohmann-Matthes, 1988; Crouch et al., 
1993).  
 
LDH release rate was calculated as a percentage of total LDH release at specific time 
points. The time course for LDH release rate is depicted in Figure 2.17, which shows 
values for right before the mechanical loading and <5min, 15 min, 1 hour, 3 hour, 6 hour, 
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and 24 hour after the loading for 2 different experiments with 6 separate cell cultures 
(n=10 cell cultures). Extracellular LDH release was significantly increased right after the 
injury (<5 min) (102.34 ± 16.74 B-B units/ml/min) as compared to control cells (n=4 cell 
cultures) (0.92 ± 1.31 B-B units/ml/min), and it decreased within 6 hour to normal levels. 
 
2.4.5 Changes in Cell Morphology Following the Injury 
Dynamically loaded cells often showed a swelling within 5 min of the stimulus which 
reflects that an ionic imbalance is a part of the cellular response (LaPlaca et al., 1997). 
The phase contrast microscope analysis following the stimulus also showed some 
structural and morphological changes such as change in plasma membrane (Figure  
2.15A and B). Some cell neurites that were suspended between cell bodies prior to 
loading broke at the time of the insult. Neurites which were strongly connected to the 
substratum appeared unaffected in the first 5 min following the insult as observed under a 
phase contrast microscope, but by 24 hour cells started to exhibit beaded plasma 
membrane, and shrinkage (Figure 2.16A and B). Some cells became loosely attached or 
completely detached from the substratum, and these cells were observed as floating in the 
cell medium. In addition, cell aggregates started to be dissociated by 24 hour after the 
stimulus (Figure 2.16B). Control cell cultures did not show these morphological changes 
(Figure 2.16A). 
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2.5 DISCUSSION 
In vitro modeling of TBI in neuronal cells provides an opportunity to control and simplify 
the complex loading environment that accompanies TBI, yielding information about 
cellular metabolism and function which would otherwise be difficult to obtain. 
Elimination of the systemic events provides a greater control over the immediate 
environment. A simplified cell culture model permits a controllable application of 
pharmacological treatment agents and provides a basic framework on which multiple cell 
models and in vivo investigations can be based.  
 
The major advantage of a cell culture model relies on the appropriate system design and 
implementation of the corresponding apparatus. Modeling TBI on a cellular level requires 
an estimation of the relevant mechanical environment to mimic the real life loading 
conditions which the cells experience. Modeling this system not only depends upon the 
development of the mechanical injury on neuronal cells, but also depends on 
understanding the cellular responses which, in turn, trigger the various biochemical 
events in the cells. To do that, it is critical to apply accurately characterized loading rates 
on a well-known cell culture system. 
 
A force on the neuronal cells was generated by the application of a rapid fluid flow.  In 
this study, CCSD (Blackman et al., 2000) was used to create a mechanical injury on the 
PC2 neuronal cells. This device has a microstepper motor control system (Figure 2.3) 
which was used to transform a traditional cone-and-plate geometry into cell shearing 
device which can provide a controlled application of the mechanical stimulus. The 
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controlled inputs for acceleration, deceleration, velocity, duration and direction of the 
motors permit precise and independent control of applied shear stress magnitudes and the 
rate of change of shear stress.  
 
The application of the controlled stimulus on a cell model could provide critical 
information about the cell fate following the injury. Therefore, PC2 cells, used in this 
study, were first characterized for their terminal differentiation. The characterization of 
these cells and application of controlled levels of shear stresses for certain period of time 
to mimic TBI could permit a very good understanding of the neuronal cell responses 
upon mechanical injury. The markers chosen to characterize the differentiation were 
highly specific for neuronal cells. The two markers used were NF proteins and ß tubulin 
type-III proteins. 
 
In previous studies, it has been suggested that phosphorylated form of NF-H is the major 
determinants of axonal diameters (Hoffman et al., 1985a; Hoffman et al., 1985b; Elder  
et al., 1998). Therefore, first NF-H presence in PC2 cells was analyzed with specific 
monoclonal antibodies, but the main problem with these intermediate filament proteins 
was the presence of different isoforms (Lee et. al., 1987; Georges and Mushynski, 1987; 
Lindenbaum et. al., 1987; Giasson et al., 1996). The immunoblot assays performed with 
these antibodies showed some reactions with different proteins (Figure 2.6, Figure 2.7, 
Figure 2.8).  There may be different reasons for these detections, such as different 
phosphorylation levels (e.g., hperphosphorylation, or dephosphorylation) (Shecket and 
Lasek, 1982; Julien and Mushynski, 1982; Lee et al., 1987), structural modifications in 
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proteins at certain development stages, and cross reactivity of certain antibodies with 
other subunits (Table 2.1). There is some evidence that these antibodies may cross-react 
with other subunits of NF protein family (Lindenbaum et al., 1987). The different levels 
of phosphorylation may also be a factor for changing the electrophoretic mobility of these 
proteins. Studies showed that NGF-treated PC12 cells express relatively large amounts of 
NF-L and NF-M but low levels of NF-H (Lee and Page, 1984; Lindenbaum et al., 1987), 
and the expression of NF-H starts at later stages of differentiation (Lindenbaum et al., 
1988). The monoclonal antibody used in the detection of the phosphorylated form of NF-
H showed an immunoreaction with a very high molecular weight protein (~250 KDa). 
The reason for this may be the urea (9 M) which was used in extraction of proteins from 
PC2 cells. It has been previously suggested that urea may cause some chemical 
modifications in carboxylic acid side chain amino acid residues. These modifications 
resulted in conformational changes in protein structures, and may be responsible for the 
anomalous migration of NF subunits on SDS-PAGE gels (Georges and Mushynski, 
1987). Additionally, the phosphorylation may have a functional role in regulating the 
interaction between NF subunits and their surroundings (Lee et al., 1987), and higher 
phosphorylation amount of NF-H subunit at a specific state may be an indicator of its 
functional activity. The findings from the immunoblot analysis suggest that there is a 
correlation between the NGF-treatment of PC2 cells and the expression of the NF 
subunits. However, the variation in the molecular sizes of the targeted subunit, and the 
cross-reactivity of the antibodies with other subunits did not give a clear understanding 
about the terminal differentiation of PC2 cells. For this reason, a second key protein was 
used as a neuronal differentiation indicator, ß tubulin type-III of the tubulin superfamily, 
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which is found specifically in neuronal cells. The monoclonal antibody was highly 
specific because it was designed specifically for the ß tubulin type-III isoforms of tubulin 
proteins (Benarjee et al., 1990). This particular type of tubulin is neuron-specific and 
appears to be phosphorylated near its carboxy terminal end. Phosphorylation occurs 
relatively late in the NGF signal transduction cascade and increases progressively with 
increasing duration of NGF exposure concomitant with more extensive neurite outgrow 
(Aletta, 1996). According to the immunoblot assay performed with anti-ß tubulin type-III 
antibody, NGF treatment upregulated the expression of the phosphorylated form of  
ß tubulin type-III proteins (Figure 2.9). In the light of these findings, the PC2 cells were 
determined to be terminally differentiated neuronal cells and were used as an in vitro 
neuronal cell model throughout the study. 
 
The neuronal injury produced in this in vitro model was a result of both acute and 
delayed responses of the injured cells. The magnitude of cellular injury following the 
mechanical loadings was determined by trypan blue exclusion and MTT assays at 24 
hour.  Higher magnitude of injury  was produced with the application of a higher 
magnitude of shear stress (peak shear stress) in a short time period (15 msec) followed by 
lower magnitude of shear stress (steady shear stress) for longer period of time (185 msec) 
(Figure 2.13). The resulting injury magnitudes detected with trypan blue were lower than 
the injury detected with MTT assay. There may be a couple of reasons for this: relatively 
loose attachment of some cells to substratum (Baldwin et al., 1996; Cargill II et al., 
1999), sensitivity of the assay to detect the mechanically damaged cells, and inability to 
collect the detached cells following the injury. It is, therefore, very important to ensure  
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a strong cell adhesion to the underlying substratum in vitro to study the effect of 
mechanical force on the cellular metabolism. In previous studies, we tried various 
adhesion substrates to get a proper cell attachment. These studies showed that loosely 
attached cells were detached during the application of fluid flow. First, rat tail collagen 
was used; cells attached to this substratum easily came off from the surface even with the 
application of low shear stresses (20 dyn/cm2). Then cell-TAK™  was used to enhance the 
attachment of cells to the surface. This surface adhesive protein is specifically formulated 
and designed to be used as a substrate coating to immobilize cells or tissue. It is a 
polyphenolic protein (Waite and Tanzer, 1981) extracted from the marine mussel, 
Mytilus Edulis. This family of related proteins is the key component of the glue secreted 
by the mussel to anchor itself to solid structures in its natural environment. This adhesive 
protein provided better attachment for PC2 cells and allowed up to 21% of the cells to be 
injured as indicated by trypan blue intake. Next, a combination of poly-D-Lysine and 
Matrigel® basement membrane matrix was used as an adhesive to increase the strength 
of the cell attachment to the substratum.  Matrigel® matrix is a solubilized basement 
membrane protein extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a 
tumor rich in extracellular matrix proteins. The major components of this matrix are 
laminin, collagen IV, heparin sulfate proteoglycans, entactin and nidogen (Kleinman, 
1982). It also contains TGF-ß, fibroblast growth factor, tissue plasminogen activator 
(McGuire and Seeds, 1989), and other growth factors which occur naturally in the EHS 
tumor. The cells cultured on this adhesive were injured up to 46 %, as detected with the 
MTT assay, which was almost two-fold higher than the injury achieved with the previous 
analysis performed with trypan blue assay (~21%). This demonstrated that the proper 
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attachment of the cells to the substratum is essential to damage the cells with mechanical 
loadings.  
 
The response of the cells to mechanical loading as assessed with the MTT assay was dose 
dependent with the highest cell injury (~46 %) produced by the application of 100 
dyn/cm2 of peak shear stress followed by 20 dyn/cm2 steady shear stress for total duration 
time of 200 msec  (Figure 2.14). This injury protocol was used in the rest of the study to 
injure the cells mechanically.  
 
Another assay performed was LDH release to extracellular spaces following the shear 
stress. LDH release to extracellular space has previously been shown to be linked to 
membrane damage caused by the mechanical loadings (LaPlaca and Thibault, 1997). The 
time course of LDH release reflects whether any cellular response is due to direct 
membrane damage or to secondary effects. LDH release rates were measured at several 
intervals within a 24 hour pre- and post- injury stimulus (Figure 2.17). The immediate 
release of LDH (in <5 min post injury) demonstrated that the membrane breakdown was 
an evidence of the acute response of the cells to mechanical injury. Additionally, the 
rapid increase in LDH levels right after the mechanical loading and loss of cell viability 
at 24 hour detected with MTT assay demonstrated that initial membrane injury after 
mechanical trauma can lead to acute and delayed cellular responses.  
 
Mechanically deformed cells often swelled and ruptured following the mechanical 
stimulus, indicating that an ionic imbalance was an integral part of the cellular response 
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(Figure 2.15). At 24 hour after the injury, membrane blebbing and cell shrinkage were 
observed (Figure 2.16B). These cells were considered to have entered apoptosis 
according to their morphological changes. Some cell neurites did not show a firm 
anchorage to the substrate but sometimes suspended between cell bodies. This suggests 
that change in membrane properties may be linked to the magnitude of neuronal injury 
resulted by hydrodynamic fluid shear stress. 
 
In the present study, we established an in vitro neuronal injury model.  The neuronal cells 
used in this model were characterized by using cellular markers specific for neuronal 
cells. Then, the injury protocol was determined to create a reproducible mechanical 
damage over the cellular population. The severity of cellular damage was assessed by 
trypan blue staining and MTT assay. The findings from these assays demonstrated that 
there were several critical factors which can affect the severity of mechanical injury 
created on neuronal cells: proper cell attachment to substratum, and magnitude and rate 
of loadings. These findings were consistent with previous studies performed to show the 
neuronal responses to mechanical loadings in vitro (Cargill II and Thibault, 1996; 
Galbraith et al., 1993; LaPlaca and Thibault, 1997). The LDH analysis showed that 
membrane damage was the immediate consequence of mechanical loading consistent 
with LaPlaca and Thibault (1997). A subpopulation of cells had altered morphology 
immediately after injury. It can be speculated that transient nature of LDH release can be 
due to this subpopulation releasing all of its LDH while the rest of the cells remained 
intact, or cells injured at different magnitudes, severe or minor, may cause this rapid 
increase in LDH levels. The in vitro injury model described here can provide a wide 
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range of applications to analyze different cellular biomechanics and their cellular 
consequences following the trauma.  In neurotraumatic field, the controlled and 
reproducible mechanical injury to the cells is critical when studying the effects of injury 
on the neuronal cells.  The quantification of various functional and metabolic responses 
of the cells to controlled mechanical loadings can be a powerful technique to study the 
possible treatment agents for recovery of cells from the injury and to understand the acute 
response of neuronal tissue to injury. Also it can help the assessment of various causative 
effects of TBI. The biochemical approach developed in this study employed well-defined 
mechanical loadings, which resulted in a range of cellular injury. With the application of 
various loading rates to cultured neuronal cells, it was determined that there was a 
significant relation between mechanical loading rates and cellular response.  Further 
studies will use this novel approach to examine the possible mechanisms of the cellular 
response to the mechanical injury. 
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Figure 2.1: Phase-contrast images of PC2 cells cultured on thermanox plastic 
coverslips coated with poly-D-Lysine and Matrigel® Matrix in medium supplemented 
with NGF (50 ng/ml). Scale bar, 50 µm. 
A. 
B. 
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Figure 2.2: Schematic representation of mammalian NF subunits. For all subunits, 
variable head and tail domains (open boxes) flank the conserved a-helical rod domain 
(black boxes). The rod domains are subdivided by a short nonhelical linker (gray boxes) 
into coils 1 and 2. Except indicated by the black eclipses, and the probable glycosylation 
sites are indicated by gray eclipses (Dong et al., 1993). Known phosphorylation sites in 
NF subunits are indicated by the inverted triangles (Sihag and Nixon, 1990; Sihag and 
Nixon, 1991). The amino acid numbers indicate the approximate delineations of the head, 
rod, and tail domains derived from sequences of murine NF-L (Lewis and Cowan, 1986); 
murine NF-M (Levy et al., 1987); and murine NF-H (Julien et al., 1988). 
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Table 2.2: Apparent molecular masses of NF subunits estimated by SDS-PAGE gel 
electrophoresis (Kaufmann et al., 1984; Lee, 1985; Georges and Mushynski, 1987; Lee et 
al., 1987; Lindenbaum et al., 1987; Giasson and Mushynski, 1996). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NF subunits Native Dephosphorylated Modified 
 
Modified 
dephosphorylated 
 kDa 
  
     
 
NF-H 210 ~168 ~148 ~138 
NF-H 
fragmented ~160    
 
NF-M 150 155 ~120 ~110 
NF-M 
fragmented ~110    
 
NF-L 68 68 ~60 ~60 
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Figure 2.3: Phase-contrast microscopic images of both undifferentiated PC2 cells 
without NGF (A) and differentiated PC2 cells with NGF (50 ng/ml) (B). Undifferentiated 
cells have extended very short neurites at 7th day after seeded. Arrows, in A, indicates 
that the cells were still proliferating (cells with round cell bodies). Differentiated cells 
grow in small aggregates and they have formed small neuronal nets at 7th day. Scale bar, 
50 µm. 
A. 
B. 
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Figure 2.4: Schematic representation of injury paradigm that was used as a 
mechanical input to injure the cells. The two different shear stresses used had different 
onset times: Rise time and duration. Peak shear stress applied 15 msec (rise time) 
followed by steady shear stress which was applied 185 msec (duration).   
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Figure 2.5: Western blot analysis of PC2 cells which were treated with 50 ng/ml NGF 
and without NGF (PC2+ and PC2-) for 7 days. Proteins of control cells (SMC-smooth 
muscle cells) and NGF treated and non-treated cells were resolved by SDS-PAGE (7.5% 
polyacrylamide gel) and transferred to PDVF membranes. The resultant Western blot was 
probed with RMDO20 which is specific for phosphorylated forms of NF family 
(especially for NF-H form). The molecular weights of the corresponding protein bands 
were determined due to a protein weight standard (prestained SDS-PAGE protein 
standard, high range, BioRad, CA). Protein weights were indicated as Kilo Daltons 
(KDa). 
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Figure 2.6: Western blot analysis of PC2 cells which were treated with 50 ng/ml NGF 
and without NGF (PC2+ and PC2-) for 7 days. Proteins of control cells (SMC-smooth 
muscle cells) and NGF treated and non-treated cells were resolved by SDS-PAGE (7.5% 
polyacrylamide gel) and transferred to PDVF membranes. The resultant Western blot was 
probed with RMDO9 which is against dephosphorylated forms of NF family (especially 
for NF-H form). The molecular weights of the corresponding protein bands were 
determined due to a protein weight standard (prestained SDS-PAGE protein standard, 
high range, BioRad, CA). Protein weights were indicated as Kilo Daltons (KDa). 
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Figure 2.7: Western blot analysis of PC2 cells which were treated with 50 ng/ml NGF 
and without NGF (PC2+ and PC2-) for 7 days. Proteins of control cells (SMC-smooth 
muscle cells) and NGF treated and non-treated cells were resolved by SDS-PAGE (7.5% 
polyacrylamide gel) and transferred to PDVF membranes. The resultant Western blot was 
probed with SMI31 which is against phosphorylated forms of NF family (especially for 
NF-H form). The molecular weights of the correspond ing protein bands were determined 
due to a protein weight standard (prestained SDS-PAGE protein standard, high range, 
BioRad, CA). Protein weights were indicated as Kilo Daltons (KDa). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 250 
 110 
 138 
 68 
 KDa 
60
                                                                                                                                                                                                 
                                                                      
 
 
 
 
 
 
 
0
0.5
1
1.5
2
2.5
3
SMC PC2- PC2+
 
 
 
 
 
Figure 2.8:  (A) Western blot analysis of PC2 cells which were treated with 50 ng/ml 
NGF and without NGF (PC2+ and PC2-) for 7 days. Proteins extracted from control cells 
(SMC-smooth muscle cells) and NGF treated and non-treated cells were resolved by 
SDS-PAGE (10 % polyacrylamide gel) and transferred to PDVF membranes. The 
resultant Western blot was probed with monoclonal antibody against ß-tubulin type-III. 
The molecular weights of the corresponding protein bands were determined due to a 
protein weight standard (prestained SDS-PAGE protein standard, high range, BioRad, 
CA). Protein weights were indicated as Kilo Dalton (KDa). (B) Western blots of ß-
tubulin type-III were quantified from 2 independent culture experiments using standard 
densitometry techniques. At each time, at least 6 coverslips were used for controls and 6 
coverslips were used for injury experiments. The bars represent the mean ± SD. 
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Figure 2.9: The net percentage (%) of dead cells detected with the application of 
various peak shear stresses (30, 40, 50 dyne/cm2) with 15 msec rise time followed by 20 
dyn/cm2. The dead cells were detected with their trypan blue intake. The injured cells 
were attached to surface with Cell-TAK™. For 30 and 40 dyne/cm2, n=2 cultures with 2 
separate experiments; for 50 dyne/cm2, n=10 cultures with 3 separate experiments. Each 
point represents the mean ± SD. 
 
 
 
 
 
 
 
 
 
Peak Shear (dyn/cm2) 
62
                                                                                                                                                                                                 
                                                                      
 
 
 
 
0
5
10
15
20
25
500 1000 1500 2000 2500
Onset Rate 
%
 D
ea
d 
C
el
ls
 
 
 
 
 
Figure 2.10: Onset rate dependent injury on PC2 cells. The injury severity created on 
the cells was given as observed percent (%) dead cells. Cells showed positive staining 
with trypan blue assay against various rise times (15, 20, 30, and 40 msec). The 
magnitude of peak and steady shear stresses were 30 dyn/cm2 and 15-20 dyn/cm2.  Each 
Positively stained cells were significantly higher with lower rise time (19.2% ± SD,   
*p<0.05). For 15 msec rise time, n=10 cultures with 4 separate experiments; for 20 msec, 
n=4 cultures with 2 experiments; for 30 msec and 40 msec, n=2 with 1 experiment. Data 
analysis was performed with one-way ANOVA. Each diamond represents mean±SD. 
 
 
 
 
 
 
 
 
 
 
 
(dyn/cm2/sec) 
* 
* 
63
                                                                                                                                                                                                 
                                                                      
 
 
 
 
2
7
12
17
22
27
32
C C(sham) SS
%
 D
ea
d 
C
el
ls
 
 
 
 
 
Figure 2.11:  The magnitude of cell injury created on the cells which seeded on cell-
TAK™. PC2 cells were subjected to 50 dyne/cm2 peak shear and 20 dyne/cm2 with 15 
msec rise time. The magnitude of the cell damage (% dead cells) was measured due to 
positive staining with trypan blue assay. There is a significant difference between both 
sham control and untouched control, and injured cells (*p<0.05). The multiple 
comparisons of means were performed with Tukey’s test following ANOVA analysis. 
Each triangle represents mean±SD. 
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Figure 2.12: Dose dependency of injury created on PC2 cells seeded on poly-D-Lysine 
and Matrigel® Matrix. Injury protocol was including various peak shear stresses applied 
with 20 dyn/cm2 and 15 msec rise time. The magnitude of the injury was quantified with 
MTT assay. The formed formazan dyes was spectrophotometrically measured at a 
wavelength of 570 nM and 630 nM (reference wavelength). The measured absorbtions at 
570 nM were subtracted from the absorbtions at reference wavelength and normalized 
due to sham control (represented the fold increase). In 2 separate experiments (with at 
least 3 different cell cultures); the higher damage created on PC2 cells was at 100 
dyne/cm2 peak shear stress. Each bar represents mean±SD.  
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Figure 2.13: The magnitude of cell injury created on the cells which seeded on Poly-D-
Lysine and Matrigel® Matrix. PC2 cells were subjected to 100 dyne/cm2 peak shear and 
20 dyne/cm2 with 15 msec rise time. The magnitude of the cell damage (% dead cells) 
was measured due MTT assay. There is a significant difference between both sham 
control and untouched control, and injured cells (*p<0.05). Bars represent mean±SD. The 
multiple comparisons of means were performed with Tukey’s test following the 
ANOVA.  
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Figure 2.14: Phase contrast images of PC2 cells right before (A) and within first 5 min 
after the injury (B). Arrows shows that the apparent morphological changes occurred 
following the injury comparing to uninjured cells. Scale bar, 50 µm. 
 
B. 
A. 
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Figure 2.15: Phase contrast images of PC2 cells after 24 hour from the mechanical 
loading. (A) shows the appearance of sham control cells, and (B) shows the appearance 
of mechanically injured cells. Scale bar, 50 µm. 
 
B. 
A. 
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Figure 2.16: Change in LDH release rate at different time points following the injury. 
Each bar represents the average of 2 separate experiments involving total 4 sham control 
cultures and 10 experimented cultures (*p<0.05). Each data point was represented by 
mean±SD. The multiple comparisons of means were performed with Tukey’s test 
following the ANOVA.  
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CHAPTER 3: MECHANISM OF CELL DEATH IN MECHANICALLY 
INJURED PC2 CELLS AND INVOLVEMENT OF MITOGEN 
ACTIVATED PROTEIN KINASE (MAPK) PATHWAYS 
 
 
 
 
 
3.1 INTRODUCTION 
1.5.1 Cellular and Molecular Events Occurring Following Mechanical Injury 
Traumatic Brain Injury (TBI) is one of the leading causes of death and disability, and it 
affects approximately 2 million individuals every year in U. S. alone (Kraus and 
McArthur, 1996). TBI results from either inertial or impact loading to head. The initial 
loading causes some injuries on tissue and cellular level including hemorrhage, selective 
neuronal death, diffuse axonal injury, and mass lesions. TBI is a dynamic process 
showing distinct phases. Therefore, a major conceptual advance in TBI management has 
been the realization that tissue or cellular damage following trauma comprised both 
primary and secondary cellular and metabolic events (McIntosh et al., 1998; Pearl, 1998). 
Following the initial injury resulting from direct impact, secondary cellular and metabolic 
events can cause further damage. The timing and sequence of these events remain to be 
defined, but clearly they include some overlapping mechanisms of loss of membrane 
integrity, change in cell permeability  (Cargill II and Thibault, 1996; Geddes and Cargill 
II, 2001; LaPlaca et al., 1997; Mukhin et al., 1997),  excitotoxicity (Smith and McIntosh, 
1996), oxidative stress (Lewen et al., 2000), mitogen activated protein kinase related 
signaling pathways (Mori et al., 2002; Tan et al., 2002), and apoptosis (Raghupathi, et al., 
2000). It is important to differentiate primary events from secondary lesions following 
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the trauma in order to establish causal relationships such that effective treatment 
strategies can be devised.  
 
There is increasing evidence that mechanical stimulation triggers a complex array of 
signaling events inside the cell such as activation of second messengers, phosphorylation 
of different proteins, and change in synthesis of transcriptional factors (Guyton et al., 
1996; Liu et al., 1999; Mielke and Herdegen, 2000; Stanciu et al., 2000), which cause 
secondary or delayed brain damage following TBI (McIntosh et al., 1998) (Figure 3.1).  
 
Mechanical loading can affect the permeability of the cell membrane to various ions 
through activation of some receptors such as glutamate receptors, N-methyl-D-aspartate 
(NMDA) (Choi, 1987), voltage-sensitive ion channels, and other secondary messengers.  
The activated glutamate channels cause an influx of cations such as sodium (Na+) and 
calcium (Ca2+). Ca2+ is increases intracellularly upon injury and invokes some 
intracellular signaling events. These events lead to pathophysiological changes inside the 
cells (Pereira et al., 2000; Choi, D.W., 1988; Choi, D.W., 1995; Coyle, J.T., and 
Puttfarcken, P., 1993; Lipton, S.A., and Rosenberg, P.A., 1994; Meldrum, B., and 
Garthwaite, J., 1990). It has previously been suggested that prolonged disturbances in 
intracellular Ca2+ homeostasis may mediate further neuronal injury (Gennarelli et al., 
1998) and delayed neuronal death (Hubschmann and Nathanson, 1985). NMDA induced 
increases in intracellular Ca2+ can trigger the production of reactive oxygen species 
(ROS) (Dawson et al., 1996; Patel et al., 1996) and induce cellular damage via single 
strand DNA breaks, protein oxidation, and lipid peroxidation (Murphy et al., 1998). Lipid 
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peroxidation leads to further damage of the plasma membrane causing a loss of 
membrane integrity, leaking of intracellular contents, and neuronal cell death (Murphy et 
al., 1998; Bonfoco et al., 1995). Lipid peroxidation can activate different signaling 
pathways such as mitogen activated protein kinase (MAPK) pathways (Guyton et al., 
1996). MAPK signaling pathways have an evolutionarily conserved mechanism of 
transducing external stress and injury to internal cellular responses that balance both cell 
survival and cell death (Chang and Karin, 2001; Robinson and Cobb, 1997). Hence, 
MAPKs have recently been the focus of study in injury induced cell death and its 
mechanism (Alessandrini et al., 1999; Hu et al., 2000; Namura et al., 2001; Sugino et al., 
2000; Mori et al., 2002).  
 
Loss of membrane integrity following traumatic injury is a pivotal event for the 
activation of primary and secondary events, which may further cause either short-term or 
long-term cell death. Identification of the sequence of these cellular and molecular events 
and understanding their consequences may identify a window of opportunity during 
which the application of new pharmaceutical agents may limit and even reverse the long-
term effects of the mechanical injury. 
 
1.5.2 The Role of Injury in Determining the Destiny of the Cell: Apoptosis  
or Necrosis 
The death of neuronal cells represents an important event in many diseases, including 
stroke, neuronal trauma, and neurodegenerative diseases. Although the underlying 
mechanisms of neuronal death are not well defined, necrotic cell death has been well-
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documented in some brain regions such as cerebral cortex, thalamus, hypothalamus and 
substantia nigra in both clinical and experimental TBI models, particularly during the 
acute stage (Adams et al., 1989; Dietrich et al., 1994; Soares et al., 1995). It has also been 
suggested that the diffuse and progressive cell death observed following traumatic injury 
may be related to the induction of programmed cell death (PCD) (Lockshin and Williams, 
1964) which involves the activation of transcription dependent signaling pathways (Kure 
et al., 1991; Arends and Wylie, 1991; Linnik et al., 1993; Bramlett et al., 1997; Colicos et 
al., 1996; Smith et al., 1997).  
 
Two distinct morphological cell death patterns have previously been noted by Kerr et al., 
in 1972. The first form is “necrosis,” which is a passive cellular process typified by cell 
and organelle swelling, early loss of membrane integrity, abnormal organelle 
morphology, and lysosomal rupture. The result of this process is usually an inflammatory 
reaction, which leads to local cellular filtration, vascular damage, edema, injury to 
surrounding tissue, and finally fibrosis. The second form of cell death is “apoptosis,” 
which was noted as distinct from necrosis. It can be identified due to chromatin 
condensation, nuclear fragmentation, extensive internucleosomal DNA fragmentation, 
preservation of membrane integrity, plasma membrane bleb formation, decrease in 
cellular volume and shrinkage, morphological preservation of organellar structures, and 
formation of apoptotic bodies (vacuoles) (Arends and Wylie, 1991; Allen et al., 1997). 
Also, mitochondrial membrane depolarization (Kroemer et al., 1997), generation of ROS 
and increase in intracellular Ca2+ (Kruman et al. 1998) are other signs of the cells 
entering an apoptotic stage. In various studies, apoptosis has been observed as a common 
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type of cell death in the nervous system after neurotrauma (Conti et al. 1998; Fox et al., 
1998; Hutchison et al., 2001; Newcomb et al., 1999; Sinson et al., 1997; Yakovlev et al., 
1997).  Rink et al. (1995) were the first to demonstrate the existence of apoptosis in rat 
forebrain following experimental TBI. In this study, apoptosis reached its highest level at 
24 hours. Another study conducted by Hutchison et al.  (2001) to screen apoptosis in 
cerebral cortex and subcortical white matter of male mice also demonstrated that 
apoptosis was maximal at 24h following a weight drop model of injury. 
 
Recently, Pereira and Oliveira (2000) demonstrated that high glutamate concentrations 
induce an increase in the levels of ROS, mitochondrial dysfunction, and perturbation of 
intracellular Ca2+ homeostasis, and these alterations lead to cell death in PC12 cells. 
Ankarcrona and colleagues (1995) studied the type of cell death by using cerebellar 
granule cells. Cells exposed to high a concentration of glutamate underwent two distinct 
fates: a group of cells entered acute necrosis during and immediately after exposure, 
while the remaining group died from delayed onset apoptosis. Further complication 
comes from the observation that secondary necrosis may take place in apoptotic models 
either in vitro or in vivo when unusually large numbers of cells undergo apoptosis at a 
given time (Ankarcrona et al., 1995; Leist et al., 1995). The secondary type of necrosis 
may cause cell disintegration, mimicking acute necrosis. Finally, the same type of insults 
can elicit either apoptosis or necrosis in several cell types, including neurons (Dypbukt et 
al., 1994; Bonfoco et al., 1995). Bonfoco and colleagues (1994) demonstrated that mild 
insults of NMDA lead to a low level of peroxytnitrite production and a delayed form of 
apoptosis in cortical cells. However, intense insults with NMDA elicited necrosis with a 
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high amount of peroxynitrite formation. These findings show that the apoptotic response 
depends on both the insult severity and the target cell type. Additionally, although 
necrosis and apoptosis have been traditionally regarded as distinct types of cell death, 
they may me considered as coexistent processes in TBI. 
  
Mechanical insults cause the loss of membrane integrity through either stimulation of 
specific receptors or formation of membrane tears. As a result, some cells undergo 
necrotic cell death over the short-term following mechanical trauma. The remaining cells, 
which do not enter into necrosis, can enter apoptosis, or secondary necrosis. 
Understanding the complex molecular events that occur following neurotrauma can 
provide new approaches, which may lead to the development of new therapeutic agents 
for the treatment of neural injuries. 
 
1.5.3 The MAPK Proteins and Mechanical Injury 
The mitogen-activated protein kinases (MAPKs) are a family of serine-threonine protein 
kinases (Cohen, 1997), which are evolutionarily conserved enzymes connecting cell-
surface receptors to critical target mechanisms inside cells. MAPKs are activated by 
chemical and physical stresses, thereby controlling cell survival and adaptation (Chang 
and Karin, 2001). In vertebrates, there are at least three identified MAPK pathways: 
extracellular signal regulated kinases (ERKs), stress activated c-Jun N-terminal kinases 
(JNKs), and p38 kinase (Treisman, 1996; Robinson and Cobb, 1997). Even though they 
are from the same family, their biological responsibilities within the cell are different. 
The ERK signalling pathway is generally involved in cell proliferation and survival, 
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whereas JNK and p38 signalling pathways respond to various forms of cellular stress, 
such as damage repair mechanisms, cell growth arrest and cell death (Leppä et al., 1998). 
Each of these pathways is activated by specific mitogen activated protein kinase kinases 
via phosphorylation (MAPKKs or MEKs or MKKs): MEK1/2 for ERK1/2, MEK3/6 for 
the p38, and MKK4/7 for the JNKs (Pearson et al., 2001). However, each MAPKK can 
be activated by more than one MAPKK kinases (MAPKKKs or MEKKs). MAPKKKs 
receive the signal from the surface receptors through a variety of intermediate protein 
kinases and small GTP- binding proteins (Minden and Karin, 1997). Activation of each 
kinase triggers the activation of another kinase in a sequential way, and this makes the 
whole signalling pathway very complex (Figure 3.1). These MEKKs appear to be 
activated by the ras protooncogene family (Thomas et al., 1992; Wood et al., 1992), 
including members of the Raf family (Howe et al., 1992; Warne et al., 1993), a 
mammalian homologue of the yeast STE11 (serine-threonine protein kinase)  gene 
product (Lange- Carter et al., 1993), the tumor progression locus 2 gene (tpl12) 
protooncogene product (Patriotis et al., 1994; Salmeron et al., 1996), and a growth 
sensitivity enzyme derived from PC12 rat pheochromocytoma cells (Pang et al., 1995). 
The MEKKs, which activate MEKs, are many and diverse, and the precise mechanism of 
their action in vivo is still unclear.  Some of them may participate in cascades which lead 
to activation of stress-activated protein kinases (Sanchez et al., 1994; Yan et al., 1994). 
 
MAPK signalling pathways convey their biological effects by phosphorylating 
downstream substrates, most notably a number of transcription factors. Activated ERKs 
carry their function further downstream via activation of different transcription factors 
    76 
                                                                                                                                                                                                 
                                                                      
such as Ets domain transcription factor, Elk-1, which in turns triggers c-Fos and AP-1 
activity (Gille et al., 1992; Karin, 1994; Marais et al., 1993), and activating transcription 
factor, ATF-2, in the nucleus. Elk-1 and ATF-2 can serve as substrates for other MAPKs 
and thus participate in different biological responses (Gupta et al. 1995; Livingstone et 
al., 1995; Whitmarsh et al., 1997; Price et al., 1996). JNK induces the phosphorylation of 
transcription factors involving c-Jun which, in turn, activates its own activation and AP-
1, Elk-1, ATF-2, and p53 (Galcheva-Gargova et al., 1994; Gupta et al., 1995; Ham et al., 
2000; Hibi et al., 1993; Karin, 1994; Kyriakis et al., 1994; Minden et al., 1994; Minden 
and Karin, 1997; Westwick et al., 1995).  p38 can also regulate the activation of 
transcription factors including ATF-2, Elk-1, CHOP (growth arrest and DNA damage 
inducible gene 153, or GADD153), p53, and SRF accessory protein 1 (Sap1) (Canman 
and Kastan, 1996; Hazzalin et al., 1996; Huang et al., 1999; Janknecht and Hunter, 1997; 
Tan et al., 1996; Wang and Ron, 1996; Whitmarsh et al., 1997).   
 
MAPKs can be activated by various external stimuli. For example, ERK pathways are 
induced by growth factors (nerve growth factors or epidermal growth factors) (Boulton et 
al., 1991; Nishida and Gotoh, 1993), oxidative stress (Aikawa et al., 1997), an increase in 
intracellular Ca2+ levels or glutamate receptor stimulation ( Bading et al., 1993; Fiore et 
la., 1993; Rosen et al., 1994; Kurino et al., 1995; Sgambato et al., 1998) while p38 and 
JNK pathways are primarily activated by various forms of stress stimuli (Kyriakis et al., 
1995). It has been previously demonstrated that reactive oxygen species also activate 
MAPKs (Finkel et al., 1998; Guyton et al., 1996; Sundaresan et al., 1995). It has been 
recently shown that MAPKs, particularly JNK and p38, are activated in brain by 
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ischemia-reperfusion (Alessandrini et al., 1999; Herdegen et al., 1998; Hu and Wieloch, 
1994; Namura et al., 2001; Walton et al., 1998). This suggests that the signaling pathway 
of these kinases may be an important mechanism responsible for tissue injury. MAPK 
pathways are also stimulated by mechanical loading or shear stress in different cell types 
(Liu et al., 1999; Sadoshima and Izumo, 1997; Tseng et al., 1995).  
 
The pathophysiology of TBI involves various downstream processes such as 
excitotoxicity (Faden et al., 1989; Hayes et al., 1988; Palmer et al., 1993), oxidative 
stress (Arvin et al., 1996; Kontos and Povlishock, 1986; Xu et al., 1998), and abnormal 
apoptosis (Clark et al., 1997; Colicos and Dash, 1996; Conti et al., 1998; Crowe et al., 
1997; Fox et al., 1998; Kaya et al., 1999; Liu et al., 1997; Pravdenkova et al., 1996; Rink 
et al., 1995; Springer et al., 1999; Yakovlev et al., 1997).  All these pathophysiological 
pathways are known to involve the activation of MAPK pathways in vitro (Guyton et al., 
1996; Jiang et al., 2000). In recent studies, ERK1/2, JNK1/2, and p38 were rapidly and 
transiently activated following traumatic injury in both in vivo and in vitro experimental 
models (Alessandrini et al., 1999; Herdegen et al., 1998; Hu et al., 2000; Mori et al., 
2002; Otani et al., 2002; Sugino et al., 2000; Walton et al., 1998; Wang et al., 2002; 
Ozawa et al., 1999). Therefore, the contribution of different MAPKs in TBI 
pathophsiology is consistent with the idea that these signaling pathways represent highly 
conserved upstream mechanisms for carrying the stress signals downstream in eukaryotic 
cells (Garrington and Johnson, 1999; Guyton et al., 1996; Mielke and Herdegen, 2000; 
Stanciu et al., 2000; Xia et al., 1995).  
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Although the signal transduction through MAPK pathways following extracellular 
perturbations and stress triggers an alteration in transcription factor profiles and gene 
expression (Chang and Karin, 2001; Garrington and Johnson, 1999), the precise roles for 
the various MAPKs in determining the ultimate balance between cell survival and cell 
death has not still been fully defined.  Strong and persistent activation of ERK has been 
reported as deleterious after seizure, zinc toxicity, oxidative glutamate toxicity, and focal 
ischemic injury in different neuronal cells (Alessandrini et al., 1999; Murray et al., 1998; 
Stanciu et al., 2000). Namura et al. (2001) recently showed that administration of ERK 
pathway inhibitors protects brain against injury as well as focal cerebral ischemia. 
Different outcomes after ERK1/2 activation in different neuronal cell types may be 
explained by other signaling pathways, for example, phosphotidylinositol 3-kinase (PI3-
kinase)/Akt. PI3-kinase/Akt has been suggested to differentially regulate and/or activate 
cell survival in neuronal cell type dependent manner (Namura et al., 2000). The cellular 
mechanisms that mediate deleterious effects of activated ERK pathway remain to be fully 
identified. However, the evidence that ERK activation plays an important role in cell 
death is accumulating.  
 
The JNK pathway is activated by a wide range of distinct types of cellular stresses as well 
as extracellular stimuli (Minden and Karin, 1997). It has been suggested that the JNK 
pathway serves as a major ‘on’ switch for apoptotic cell death (Chen et al., 1996; Verheij 
et al., 1996; Wilson et al., 1996; Xia et al., 1995).  It has also been suggested that 
extracellular stimuli can trigger cellular responses, by the activation or inactivation of the 
JNK pathway, ranging from cell survival to death (Liu et al., 1996; Canman et al., 1996). 
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A variety of signals such as growth factors (Foltz et al., 1997; Nagata et al., 1997; Tan et 
al., 1996; Xing et al., 1998; Williams et al., 1998), cell stretching (Kudoh et al., 1998), 
and ischemia/reperfusion (Bogoyevitch et al., 1996) are also able to trigger the activation 
of p38 pathway.  Since various stimuli including mechanical stimuli can trigger the 
activation of different MAPK pathways, it is important to identify the contributions of 
these signaling pathways to cellular injury and to understand the biological and 
biochemical events that occur inside neuronal cells after TBI. 
 
The current emphasis on neuronal cell death, especially apoptosis, has led many 
investigators to study the molecular mechanisms mediating its effect. Since there is much 
evidence showing a connection between neuronal cell death and MAPK activation, 
MAPK pathways have been a potential candidate for mediating upstream signals that 
amplify brain cell death after injury. However, the contribution of these pathways to cell 
death is still unclear. It is very important to identify and understand which MAPK 
pathways play central roles in modulating the decision of a neuronal cell to enter 
apoptosis following the mechanical injury and develop specific pharmaceutical targets for 
treatment. 
 
1.5.4 Summary of Experimental Approach 
The first objective of the present study was to examine the mechanism of cell death, 
either apoptosis or necrosis, in cultured neuronal cells. The second objective was to 
analyze the MAPK protein (ERK, JNK, and p38) activities at different time points 
following the mechanical loading. The controlled cell shearing injury device (CCSID) 
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was used to injure the cells in a dynamic manner. Cell death was assessed by the 
detection of single stranded DNA breaks (nicks) in high molecular weight, or double 
stranded DNA fragments in low molecular weight. The activity of MAPK proteins was 
determined as a fold change in phosphorylated protein amounts with respect to total 
proteins present within the cell at specific time points following injury. 
 
 
3.2 MATERIALS AND METHODS 
 
3.2.1 Cell Culture 
PC2 cells (provided by Dr. R. Pittman, Department of Pharmacology, University of 
Pennsylvania Medical School, PA) were cultured according to the method of Greene and 
Tishler (1976). Briefly, cells were plated onto both 35 mm 6-well tissue culture plates, 
(experimental cultures) and 100 mm petri dishes (stock culture) in RPMI 1640 (Fisher, 
IL) medium supplemented with heat- inactivated horse serum (10%), fetal bovine serum 
(5%), penicillin (50 IU/ml) and streptomycin (50 µg/ml), and L-glutamine (2 mM) 
(Fisher, IL). Stock and experimental cultures were incubated at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. 100 mm petri dishes were coated with rat-tail 
collagen (Biomedical Technologies, MA). A thermanox plastic coverslip (Fisher, GA) 
was placed into each well of 6-well tissue culture plates, then wells were coated with 4 
µg/cm2 poly-D-Lysine and 0.20 mg/cm2 of Matrigel® Basement Membrane Matrix 
(Becton Dickinson, MA). Cells were plated at a density of 2300 cell/cm2.  Experimental 
cells were terminally differentiated by addition of 2.5S NGF (50 ng/mL) (Becton 
    81 
                                                                                                                                                                                                 
                                                                      
Dickinson, MA) in serum-free medium for 7 days. Over the course of 7 days, PC2 cells 
differentiate into cells with neural- like properties (see Chapter#2, Figure 2.1) such as 
axons and dendrites. After stock cells reached 95% confluence, they were recultured into 
new petri dishes by trypsinization. 
  
3.2.2 Injury Paradigm 
PC 2 cells were cultured on coverslips in 6-well culture plates and were subjected to 
shear stress using the CCSD seven days after plating. Prior to experimentation, the cells 
were rinsed with 1X Eagle’s Balanced Salt Solution (EBBS) (Life Technologies, Inc., 
MD) two times to get rid of any floating cells.  Then they were placed into the 6-well 
plates filled with fresh cell medium including 50 ng/ml of 2.5S NGF. Coverslips with the 
PC2 cells were transferred to the cell injury device where they were held in the well of 
the stationary stage using vacuum. 1 ml culture medium was added onto the coverslip,and 
the fluid flow induced shear stress was applied to cells with a previously optimized 
loading profile to produce most sever injury without significant cell detachment from the 
substratum (see Chapter#2). Subsequently the coverslip was returned to 6-well plate. The 
remaining cell medium in the well was collected and added into the plate. Finally, cells 
were incubated at 37°C. Two types of controls were used at each time point. Untouched 
controls were kept at all the times under the cell culture hood.  After they were washed, 
fresh medium was added, and they were returned to the incubator.  Sham (uninjured) 
controls were placed in the CCSD without applying any insult, and then they were 
incubated with the other samples for 24 hours to use in further analysis. 
 
    82 
                                                                                                                                                                                                 
                                                                      
3.2.3 Examination of the Mechanism of Cell Death 
To examine the mechanism of cell death, a fluorescein in situ cell death detection kit 
(Roche, IN) was used. The kit was based on the detection of the labeling of DNA strands 
breaks (terminal deoxynucleotidyl transferase-mediated dUTP nick end- labeling, TUNEL 
assay). 
 
The TUNEL assay was first developed by Gavrieli to study apoptosis in tissue sections 
(1992). Activation of the Ca2+ and Mg2+-dependent endonuclease and subsequent DNA 
cleavage during apoptosis cause the generation of a multitude of terminal 3’-hydorxyl 
(3’OH) ends where the DNA has been nicked. This method uses the enzyme terminal 
deoxynucleotide transferase (Tdt) to add labeled deoxynucleotide triphosphates (dUTP), 
in a template-independent manner, to the 3’OH ends of either single or double stranded 
DNA. The TUNEL assay labels apoptotic cells on a single cell level. This makes the 
assay more sensitive than agarose gel electrophoresis for fragmentation analysis.  
 
For the assay, PC2 cells were first trypsinized and washed two times with 1X Phosphate 
Buffered Saline (PBS) (Sigma, MO). Following the washing, the cells were fixed with 
4% paraformaldeyde (pH 7.4) in 1X PBS and 70% ethanol (EtOH) subsequently. Then 
fixed cells were used for the labeling. First, cells were washed with 1X PBS-BSA (1%), 
and permeabilized with permeabilization solution (0.1 % Triton-X in 0.1 % sodium 
citrate) for 2 min at 4°C. Then cells were labeled by incubation with the TdT reaction 
mixture for 60 min at 37°C and counterstained with propidium iodide (PI) buffer (100 
µg/ml RNase (Boehringer-Roche, IN), 50 µg/ml PI (Sigma, MO), prepared in 1X PBS) 
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for an  additional 30 min at 4°C. After labeling, cells were washed and resuspended with 
1X PBS. Labeled cells were analyzed with Becton Dickinson FACSort™ (provided by 
Monika Jost, PhD, Radiation Oncology, Flow Cytometry Facility, Drexel University 
Health Systems, Philadelphia, PA). FACSort™ is equipped with an air-cooled argon laser 
producing fluorescent excitation at 488 nm, and it can sort or separate cells based on their 
fluorescence or light scattering characteristics. The excitation wavelength for TUNEL 
was 530 nm, and for PI it was 585 nm. For each experiment, 5,000-10,000 cells were 
analyzed. Data was acquired with LYSYS-II Software (BD Biosciences, MA) and 
analyzed with WinMDI Software 2.8 (Windows Multiple Document Interface Software 
for Flow Cytometry).  For more information about the flow cytometer and the data 
analysis principles, see Appendix A. 
 
3.2.4 Analysis of MAPK Protein Activities Following the Injury 
To detect the specific activities of three different MAPK proteins (ERK1/2, JNK, and 
p38), western blot analysis was used. Both injured and control cells were harvested by 
scraping and transferred into 15 ml Falcon tubes with their medium, to collect both 
attached and detached cells, and centrifuged at 500 g for 10 min. The resultant pellets 
were washed two times with ice cold 1X Earl’s Balanced Salt Solution (EBSS) (Sigma, 
MO). After washing, the pellets were dissolved with 100 µl of 1X SDS Sample Buffer 
(50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol). Between centrifugation steps, cells 
were kept on ice. The protein concentrations were quantified according to standard 
Bradford Assay (Bradford, 1976). Equal amount of proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) using a 7.5% or 10% 
    84 
                                                                                                                                                                                                 
                                                                      
polyacrylamide gels. Before loading the protein samples, 100 mM 2-mercaptoethanol 
was added to each sample, and samples were boiled at 95°C for 5min. Proteins were 
separated on the gel with running gel buffer (1X Tris-Glycine, 0.1% SDS) for about  
2 hours at 10 mAmp per gel. The separated proteins were electrophoretically transferred 
to PVDF membrane (BioRad, CA) with 1.5X transfer gel buffer (1X Tris-Glycine, 20% 
methanol) for 1.5 hours at 120 mAmp. The resultant blots were incubated in 3% bovine 
serum albumin (BSA) in TBS-T (25 mM Tris-HCL pH 7.4, 137 mM NaCl, 0.2% Tween-
20) for 1 hour at RT to block nonspecific binding sites. The blots were then incubated in 
primary antibodies (1:1000) overnight at 4°C. Primary antibodies against ERK1/2, JNK, 
and p38 proteins as well as the phosphorylated forms were obtained from Cell Signalling 
(Beverly, MA). For all immunoblotting, blots were incubated with goat anti-rabbit IgG 
(Immunoglobulin) secondary antibody (1:2000) conjugated to horseradish peroxidase 
(HRP) (Cell Signaling Tech., MA) 1 hour at RT on a slowly tilting platform to allow 
detection of the appropriate bands using enhanced chemiluminescence (ECL) 
(Amersham, NJ). Between each incubation step, the blots were washed three times with 
1X TBS-T, about 5 min each time. The corresponding protein bands were exposed on X-
ray Fuji Films (Fisher, GA), and then the densitometry analysis was carried out with UN-
SCAN-IT gel Software (Automated Digitizing System, version 4.1 for Windows) (Silk 
Scientific Corporation, UT), which turns the scanner into a high-speed densitometer and 
allows an automated analysis of the images at full scanner resolution. 
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3.2.5 Statistical Analysis 
The data were expressed as mean ± SD. Statistical analysis was performed using one-way 
analysis of variance (ANOVA), followed by Tukey’s test to determine significance of 
data between groups. A p value <0.05 was considered as significant in the data analysis. 
 
 
3.3 RESULTS 
 
3.3.1 TUNEL Detection of Apoptosis in PC2 Neuronal Cells 
To analyze the mechanism of cell death following the mechanical injury, PC2 cells were 
mechanically loaded by using our standard injury profile involving 100 dyn/cm2 of peak 
shear stress and 20 dyn/cm2 of steady shear stress with total 200 millisecond (msec) 
duration. After 24 hours, cells were labeled with TUNEL mix and propidium iodide (PI) 
stain to assess apoptotic and necrotic cells.  PI is a specific fluorochrome which 
intercalates into double stranded cellular DNA. These intercalation complexes cause an 
amplification of the fluorescence intensity in the cells. Incubation of the total cell 
population with TUNEL labeling and PI staining and subsequent fluorescence detection 
by flow cytometry allowed assessment of the average apoptotic cells and possible 
necrotic cells present in the cell population. In each experiment, one negative control and 
one positive control were included. The negative control involved the untouched cells, 
which were treated as injured cells except without mechanical loading. The positive 
control cells were incubated in serum free medium without NGF for 24 hour at 6th day of 
culturing, and after 24 hour they were counterstained with TUNEL and PI. 
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TUNEL labeled cells were identified as apoptotic cells, and cells with lower PI staining 
and no TUNEL labeling were quantified as possible necrotic cells.  The relative 
fluorescent intensity detected by TUNEL labeled and PI stained cells was displayed with 
frequency histograms on log scale mode (Lampariello and Aiello, 1998; Watson, 2001).  
Fluorescent activated cell sorter analysis showed a very low level of TUNEL and PI 
staining in sham controls (Figure 3.2A and 3.3A). In each experiment, the size of the 
sample populations was large enough to be representative of the entire population. The 
relative fluorescence detected from TUNEL labeled injured cells and 24 hour NGF 
deprived cells showed an apparent shift to the right on histograms compared to control 
cells (Figure 3.2B and C).  On the other hand, the cells with less PI staining and no 
TUNEL labeling displayed a left shift on the histograms by forming a sub-G1 peak 
(Figure 3.3B). The cells falling in this peak were assumed to represent cells dying due to 
necrosis or secondary necrosis rather than apoptosis. In necrosis, the DNA content of the 
cells starts to leak out of the cells due to membrane disintegration (Kerr et al., 1972). This 
leakage causes a decrease in PI fluorescence intensity; thus, the cells with less PI staining 
and unlabeled with TUNEL are found in the so-called sub-G1 peak on histograms. 
However, the data gathered from PI staining should be carefully interpreted, considering 
the fact that some cells in early stages of apoptosis might not be labeled with TUNEL. 
The density plot analysis was used to demonstrate how the apoptotic and necrotic cells 
were distributed due to their staining characteristics with TUNEL and PI (Figure 3.4).  
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The average fluorescent intensities detected from TUNEL labeled cells were 1.9 ± 0.5 % 
in sham control, 36.61± 10.0 % in positive control (24 hour NGF deprived), and 53.4 ± 
9.8 % in mechanically injured cells (Figure 3.2D). On the other hand,  
4.0 ± 5.3 % of positive control cells and 22.4 ± 3.6 % of injured cells were observed in 
sub-G1 peak (Figure 3.3D).  The average number of the injured cells labeled with 
TUNEL was significantly higher than sham control (p<0.05).  The average number of the 
cells labeled with PI less intensely and unlabeled with TUNEL was also significantly 
higher than sham control (p<0.05). 
 
3.3.2 Assessment of MAPK Protein Activities Following the Injury 
To assess whether the phosphorylation levels of ERK1/2, JNK1/2, and p38 MAPK 
proteins was changing following the mechanical loading, a time course analysis was 
performed (Figure 3.5, 3.6, and 3.7). Identification of the activated proteins with respect 
to total proteins was performed with two different antibodies for each MAPK proteins: 
one against the total protein and the second against the phosphorylated form of the 
protein. The PC2 cell proteins were extracted at different time points (15 min, 3 hour,  
6 hour, and 16 hour) following the injury and analyzed with Western blots. For each time 
point, proteins were extracted from sham controls and injured cells. To quantify the 
change in phosphorylation level of each protein type following the injury at different time 
intervals, the amount of the phosphorylated form of the protein was divided by the total 
amount of the protein present at a particular time. These analyses showed that ERK1/2, 
JNK1/2, and p38 were rapidly phosphorylated after mechanical loading in 15 min  
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(Figure 3.5B, Figure 3.6B and Figure 3.7B). ERK1/2 phosphorylation was enhanced 
about 1.44 ± 0.07 fold in first 15 min following injury and then decreased gradually with 
time to below the basal level compared to sham controls at 16 hour (Figure 3.5B). 
JNK1/2 phosphorylation was increased to 1.35 ± 0.15 fold within first 15 min following 
the injury, and no significant change in phosphorylation of JNK1/2 was observed in other 
time intervals (Figure 3.6B). Finally, p38 phosphorylation was detected to be 
significantly elevated (2.31 ± 0.21 fold) at 15 min after injury, and then it gradually came 
back close to baseline levels by 24 hour (Figure 3.7B).  
 
 
3.4 DISCUSSION 
Since the identification and understanding of the mechanism of cell death following the 
TBI is an important step to take for developing targeted treatment strategies, apoptosis 
and necrosis following the mechanical injury were examined in mechanically injured 
PC2 cells. Previously, necrotic cell death, particularly in the acute phase, has been 
extensively studied in both clinical and experimental studies of TBI (Adams et al., 1989; 
Dietrich et al., 1994). It has been suggested that the progressive and programmed cell 
death following brain trauma is the primary mechanism of cell death in delayed stages of 
TBI (Arends and Wyllie, 1991; Bramlett et al., 1997; Colicos et al., 1996; Hutchison et 
al., 2001; Sinson et al., 1997; Smith et al., 1997; Wyllie et al., 1980). 
 
In the present study, 53.4 ± 9.8 % of mechanically injured PC2 cells were detected as 
labeled with TUNEL intensely. TUNEL staining is highly sensitive assay to study 
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apoptosis in injured cells, and it has been widely used by many investigators studying the 
presence of apoptosis in injured cells in vivo and in vitro (Clark et al., 1999; Conti et al., 
1998; Emery et al., 1998; Fox et al., 1998; Hutchison et al., 2001; Kaya et al., 1999; Love 
et al., 1998; Newcomb et al., 1999; Pravdenkova et al., 1996; Rink et al., 1995; Sinson et 
al., 1997; Yakovlev et al., 1997).  
 
To assess the possible necrotic cells after mechanical injury, cells were permeabilized 
and counterstained with PI, then the magnitude of PI intensities were quantified with flow 
cytometry analysis. 22.4 ± 3.6% of injured cells with lower PI staining and with no 
TUNEL labeling were observed in sub-G1 peak on the histograms compared to control 
(Figure 3.3 B and C). These cells were assumed to be the cells entering necrosis or 
secondary necrosis.  
 
TUNEL and PI double staining of mechanically injured cells demonstrated that apoptosis 
was the primary cause of cell death at 24 hour after traumatic injury. Although the cells 
identified as necrotic with PI staining was approximately half of the cells which were 
identified as apoptotic, some of the apoptotic cells might have died because of secondary 
necrosis which was caused by energy depletion (adenosine triphoshate (ATP)). 
Previously Leist et al. (1997) investigated the mode of cell death in human T cells 
subjected to two different kinds of inducers triggering apoptosis. They found that cells 
switched from apoptosis to necrosis because of depleted intracellular energy leve ls. 
Necrosis caused by energy depletion is known as secondary necrosis. However, the 
double staining technique used for identification of cell death mechanism after the 
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mechanical injury appeared highly sensitive with the use of large sample size, positive 
control, and detailed analysis of the fluorescent intensity levels obtained by flow 
cytometry.  
 
To characterize the molecular mechanisms of cell death that regulates neuronal apoptosis, 
the contributions of MAPK proteins including ERK1/2, JNK1/2, and p38 were examined 
to detect if there is any change in the phosphorylation levels of these proteins with 
western blot analysis.  The present study demonstrated that ERK1/2, JNK1/2, and p38 
were rapidly phosphorylated in 15 min after mechanical loading in PC2 cells. The 
activity of ERK1/2 was gradually decreased below the baseline in 24 hour; p38 activity 
was decreased to baseline in 24 hour. No significant change was detected in the JNK 
activity in later time points (Figure 3.5, 3.6 and 3.7). The detected increase in 
phosphorylation of ERK1/2 and JNK1/2 in first 15 min was not as high as the increase 
detected in p38 phosphorylation. The finding shows that ERK1/2, JNK1/2, and p38 were 
rapidly and transiently activated in mechanically injured cells. This observation is 
consistent with the previous studies conducted in different mechanical injury models 
either in vivo or in vitro (Mori et al., 2002; Otani et al., 2002; Wang et al., 2002). Otani  
et al. (2001) showed that ERK1/2 and JNK proteins are activated in both neuronal cells 
and astrocytes after traumatic brain injury created by fluid percussion device in the rat 
hippocampus. In another study, Mori et al. (2002) demonstrated that ERK1/2 and p38 are 
rapidly and transiently phosphorylated after mechanical trauma both in vivo and in vitro 
models of mice. Wang et al. (2002) also observed that the activity of ERK1/2 and p38 is 
rapidly increased in mechanically injured rat cortical cultures. It can be speculated that 
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the concomitant activation of three different signalling pathways in the first 15 min 
following injury may be enough to induce cell death following the mechanical trauma in 
PC2 cells. It is possible that transient activation followed by suppression in 
phosphorylation of ERK1/2 and transient activation of p38 kinases may provide a critical 
link in the signalling events preceding apoptosis.   
 
The ability of stressful signals to stimulate p38 kinases activity has led to the suggestion 
that this pathway may function to communicate growth- inhibitory and apoptotic signals 
within the cell. p38 is also suggested to be involved in the regulation of apoptosis in 
mechanically injured cells (Mayr et al., 2000).Consistent with this idea, increased activity 
of p38 has been shown to result in the induction of apoptosis in neurotrophic factors 
deprived PC12 cells, and inhibition of p38 activity has been shown to suppress apoptosis 
(Berra et al., 1997; Schwenger et al., 1997; Xia et al., 1995). On the other hand, inhibition 
of the ERK1/2 kinases alone has been shown to induce apoptosis (Berra et al., 1998).  
 
The negative regulation of ERK1/2 by p38 is consistent with the above results and 
provides a critical link between the p38 activation and the concomitant inhibition of ERK 
signaling pathway. The induction of apoptosis due to p38 activation could be partly due 
to inhibition of ERK1/2 in later time points. The contradiction regarding the role of p38 
in apoptosis may be due to differences in the degree and extent of cross-talk between the 
“death” signal mediated by p38 and the survival signal generated by activation of ERK, 
and the differential responses may lead to an outcome in a cell- and stimuli-specific 
manner.  
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This study demonstrated that the three MAPK pathways can cooperate with each other to 
induce cell death in mechanically injured PC2 cells. The activation of three signalling 
pathways concomitantly plays a deleterious role in vitro. It can be suggested that the 
concerted activation of ERK1/2, JNK1/2, and p38 kinases is important to trigger cell 
death following the mechanical injury. When studying the functions of various signaling 
pathways, it is important to consider the contributions of various factors such as the type 
of cell, the type of stimulus which triggers that specific response, the duration and 
magnitude of response, and the activation and interaction of other signalling pathways in 
the cells following the traumatic injury.  Manipulation of these signalling pathways may 
represent a novel therapeutic target for improving the detrimental progression of tissue 
damage after TBI. 
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Figure 3.8: Schematic representation of possible signalling events activated following 
mechanical injury in the cells. 
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Figure 3.9: The histograms display the relative fluorescence of DNA contents 
obtained from fluorescein isothiocyanate (FITC)-TUNEL labeled PC2 cells at 24 hour 
versus the number of events. Histograms represent (A) sham control, (B) mechanically 
injured cells, and (C) positive control. The bar chart (D) represents the average percent 
apoptotic cells found at each condition. The bars show mean ± SD of 9 individual 
experiments. At each time, 6 separate cell cultures for sham controls and at least 9 cell 
cultures for injured cells were experimented. *p<0.05 compared to sham control. The 
multiple comparisons of means were performed with Tukey’s test following the 
ANOVA.  
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Figure 3.2: (continued) 
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Figure 3.3: The histograms display the relative fluorescence of DNA contents 
obtained from PI-stained PC2 cells at 24 hour versus the number of event s. Histograms 
represent (A) sham control, (B) the mechanically injured cells, and (C) positive control. 
The bar chart (D) represents the net average percent PI positive cells. The bars show 
mean ± SD of 4 individual experiments. At each time, 6 separate cell cultures for sham 
controls and at least 9 cell cultures for injured cells were experimented. *p<0.05 
compared to sham control. The multiple comparisons of means were performed with 
Tukey’s test following the ANOVA.  
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Figure 3.3: (continued) 
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Figure 3.4: The density plots display the relative fluorescence of DNA contents 
obtained from FITC-TUNEL labeled PC2 cells versus PI-stained PC2 cells at 24 hour. 
The plots demonstrate how the fluorescent intensity displayed due to TUNEL and PI 
staining.   
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Figure 3.5: (A) Representative western blots show the change in phosphorylated 
ERK1/2 (P-ERK1/2) with respect to total ERK1/2 in PC2 cells after mechanical injury at 
different time intervals. At each time, sham controls were annotated as C, mechanically 
loaded cells as SS. Bradykinin (annotated as B) was used as positive control. (B) Western 
blots of total ERK1/2 and P-ERK1/2 were quantified from 4 independent culture 
experiments using standard densitometry techniques. At each time at least 7 culture wells 
were used for controls and 10 culture wells were used for injury. †p<0.05 and *p<0.05 
compared to sham control. The multiple comparisons of means were performed with 
Tukey’s test following the ANOVA. 
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Figure 3.6: (A) Western blots represent the change in phosphorylated JNK1/2 with 
respect to total JNK1/2 in PC2 cells after mechanical injury at different time intervals. 
Sham controls were annotated as C, mechanically loaded cells as SS. (B) Western blots 
of total JNK 1/2 and P-JNK1/2 were quantified from 3 independent culture experiments 
using standard densitometry techniques. At each time at least 7 culture wells were used 
for controls and 10 culture wells were used for injury. *p<0.05 compared to sham 
control. The multiple comparisons of means were performed with Tukey’s test following 
the ANOVA. 
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Figure 3.7: (A) Western blots represent the change in phosphorylated p38 (P-p38) 
with respect to total p38 in PC2 cells after mechanical injury at different time intervals. 
Sham controls were annotated as C, mechanically loaded cells as SS. (B) Western blots 
of total p38 and P-p38 were quantified from 3 independent culture experiments using 
standard densitometry techniques. At each time at least 7 culture wells were used for 
controls and 10 culture wells were used for injury. *p<0.05 compared to sham control. 
The multiple comparisons of means were performed with Tukey’s test following the 
ANOVA. 
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CHAPTER 4: THE EFFECT AND MECHANISM OF POLOXAMER 
(P188) FOR NEURONAL CELL RECOVERY FOLLOWING 
TRAUMATIC INJURY 
 
 
 
 
 
4.1 INTRODUCTION 
Because of the devastating morbidity and mortality of TBI related disorders, there has 
been an intense level of experimental and clinical research to identify neuroprotective 
agents for the treatment of these disorders. Encouraging experimental studies have led so 
far to disappointing clinical trials. Today, there are no known neuroprotective agents 
available to counteract secondary or delayed damage in the injured brain or to stimulate 
its repair and recovery. TBI triggers complex cellular and molecular events upon 
activation of potentially damaging and/or reparative endogenous neurochemical factors 
(McIntosh et al., 1998). The identification of new potential therapeutic targets is critically 
dependent on a better understanding of these cellular and molecular events in designing 
new pharmacological approaches for treatment.  
 
In the past several decades, many researchers have focused on the cellular and molecular 
events underlying the pathophysiological events following TBI in order to identify 
various molecules and agents to treat TBI both in vivo and in vitro. Extracellular 
glutamate release is identified as the first pathological process initiated following 
traumatic injury in many models (Faden et al., 1989; Katayama et al., 1989; Katayama et 
al., 1990; Nilsson et al., 1990; Panter et al., 1992; Palmer et al., 1993; Globus et al., 
1995). It has been hypothesized that the excessive release of glutamate and other 
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excitatory amino acids (EEA) from injured cells might be a cause of neuronal cell death 
in certain neurological diseases (Olney and Sharpe, 1969; Olney et al., 1971). Glutamate 
neurotoxicity may be involved both in acute and delayed neuronal death in vascular, 
traumatic, and degenerative neuronal disorders (Choi, 1998).  The extracellular release of 
glutamate acts postsynaptically by activating N-methyl-D-aspartate (NMDA) and non-
NMDA types of glutamate receptors, which, in turn, results in an excessive calcium 
(Ca2+) influx into neuronal cells and leads to calcium mediated cell death following the 
trauma (McIntosh et al., 1997; Muir and Lees, 1995; Nicotera et al., 1992; Siesjo and 
Bengtsson, 1989; Tymianski and Tator, 1996). Many neuroprotective strategies for 
limiting neuronal injury in recent years, therefore, focused on reducing the release of 
glutamate from presynaptic terminals and on preventing its actions at postsynaptic 
receptors. The studies performed with administration of different NMDA antagonists 
such as noncompetitive NMDA antagonist dizocilopine (MK-801) (Katoh et al., 1997; 
McIntosh et al., 1988; Mukhin et al., 1997; Phillips et al., 1997; Shaphira et al., 1990), 
dextrorphan (Faden et al., 1989; Shohami et al., 1993), NMDA- associated channel 
blocker ketamine (Belluardo et al., 1995; Shapira et al., 1993; Smith et al., 1993) showed 
some successes in treating acute traumatic brain injuries both in vitro and in vivo models. 
The NMDA blocker MK-801 provided some protection when it was used in the preinjury 
period (Katoh et al., 1997; Phillips et al., 1997), but not in the postinjury period 
(McIntosh et al., 1988). MK-801 has also been shown to have neuroprotective effect in 
an in vitro model of neuronal injury (Mukhin et al., 1997). However, the few large 
clinical studies that have been conducted on glutamate receptor antagonists have shown 
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lack of efficacy in recovery from traumatic injuries (Bullock, 1992; Doppenberg and 
Bullock, 1997; Myseros and Bullock, 1995). 
 
The alterations in intracellular Ca2+ play a role in invoking the pathophysiological 
cascade of cellular changes that contributes to neuronal cell death and degeneration 
following the traumatic injury in neuronal cells (McIntosh et al., 1997; Nicotera et al., 
1992; Siesjo and Bengtsson, 1989; Tymianski and Tator, 1996). It has been suggested 
that neuronal injury, associated with prolonged disturbances in Ca2+ homeostasis, may be 
mediated by leaky membranes or activated ion channels subjected to physical shear stress 
during traumatic injury (Gennarelli et al., 1998). Since the alterations in intracellular Ca2+ 
levels following TBI play an important role in initiating the pathophysiological events 
which cause neuronal cell death and degeneration (McIntosh et al., 1997; Nicotera et al., 
1992; Tymianski and Tator, 1996), some investigators have used Ca2+ channel blockers, 
such as nimodipine, and chelators to protect cells from injury (Siesjo and Bengtsson, 
1989; Tymianski et al., 1994; LeVere et al., 1989; Yuan et al., 1990). Although early 
studies showed some beneficial effects of nimodipine in the treatment of traumatic 
cerebral vasospasm (Kostron et al., 1984; Kostron et al., 1985), more recent studies using 
double-blind placebo controls showed no clinical benefits of these compounds (Compton 
et al., 1990; Teasdale, 1992; The European Study Group on Nimodipine in Severe Head 
Injury, 1994).  
 
The observation that activation of NMDA receptors and glutamate release can trigger the 
production of free radicals, such as reactive oxygen species (ROS) and nitric oxide (NO), 
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in a calcium dependent manner following traumatic injury has given rise to the 
hypothesis that ROS and their products are potential contributors to neuronal toxicity 
after traumatic injury (Dugan and Choi, 1994; Garthwaite et al., 1988). These highly 
reactive molecules can cause peroxidative destruction of the lipid bilayer membrane and 
oxidize cellular proteins and nucleic acids. The formation of ROS has been associated 
with a wide variety of central nervous system (CNS) injury models, including brain 
edema (Chan and Fishman, 1980), cerebral ischemia (Demopoulos et al., 1982; Flamm et 
al., 1978; Ginsberg et al., 1988; Moore et al., 1994; Lundgren et al., 1991; Nogawa et al., 
1997; Traystman et al., 1991), traumatic spinal cord injury (Anderson et al., 1991; Hall 
and Wolf, 1986; Hsu et al., 1986; Pietronigro et al., 1983; Yoshida et al., 1985; Xu et al., 
1991), and brain trauma (Kontos and Povlishock, 1986; Shohami et al., 1997; Smith et 
al., 1994). A number of therapeutic approaches based on the application of free radical 
scavengers and inhibitors of lipid peroxidation such as superoxide dismutase (SOD), 
polyethylene glycol (PEG-SOD) with combination to SOD (Liu et al., 1989; Matsumiya 
et al., 1991; Hamm et al., 1996; Yunoki et al., 1997) have demonstrated a reduced 
neuronal cell death and loss of brain mass following traumatic injury in different 
experimental models. Antioxidants were also somewhat effective in the treatment of 
posttraumatic brain injuries in rats (Lemke et al., 1990). Some researchers worked on 21-
aminosteroid compounds, which are potent scavengers of ROS, including lipid peroxy-
radicals and oxygen radicals.  
 
Additionally, based on the neurotrophic factor hypothesis (Barde, 1989), lack of tropic 
support has been suggested to cause neuronal cell death following traumatic injury.  The 
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peptide neurotrophic or growth factors, including nerve growth factor (NGF) (Bakhit et 
al., 1991; Goss et al., 1997; Goss et al., 1998; Nieto-Sampedro et al., 1982; Patterson et 
al., 1993), basic fibroblast growth factor (bFGF) (Casper and Blum, 1995; Nozaki et al., 
1993; Patterson et al., 1993), ciliary neurotrophic factor (CNTF) (Li et al., 1994; Unoki 
and LaVail, 1994), brain derived neurotrophic factor (BDNF) (Hicks et al., 1997; Unoki 
and LaVail, 1994; Schabitz et al., 1997), insulin- like growth factor- 1 (IGF-1) (Bondy 
and Lee, 1993; Gluckman et al., 1992; Guan et al., 1993; Guan et al., 1996; Doré et al., 
1997; Saatman et al., 1997), and neurotrophin-3 (NT-3) ( Hicks et al., 1997) have been 
possible targets for treatment of secondary neuronal injury and death after ischemic 
injury and brain trauma. All these factors function in the normal brain to support neuronal 
survival, induce sprouting of neurites, and facilitate the guidance of neurons to their 
proper target sites. The application of these different growth factors to in vivo or in vitro 
models following the injury provided a short-term rescue of the cells from further damag 
(Naumann et al., 1994; Di Polo et al., 1998; Ishimaru et al., 1998).  
 
Most of the previous preclinical and clinical studies to treat TBI initiated tissue damage 
have shown limited success. Unfortunately, there is no evidence of potentially 
neuroprotective drug or therapeutic agent which precisely protects the cells from 
secondary injuries initiated by primary events after mechanical injury. Traumatic injury is 
known to trigger a sequential activation of many cellular and metabolic events in the 
cells. To develop new treatment strategies, targeting acute events causing the activation 
of the devastating delayed events after the traumatic injury may be a critical approach for 
more effective treatment of secondary injuries. The loss in cell membrane integrity and 
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plasma membrane modifications, including membrane blebbing and altered permeability, 
have recently been found to be the major contributors to the development of neuronal 
damage subsequent to traumatic injury by leading to ionic imbalances and activation of 
several cellular pathways (LaPlaca et al., 1997; LaPlaca and Thibault, 1998; Obrenovitch 
and Urenjak, 1997; Pettus et al., 1994). Since initial membrane damage is one of the 
primary pathophysiological changes occurring in mechanically injured neuronal cells, the 
treatment strategy that was developed in the present study targeted the recovery of 
damaged cell membrane after traumatic injury. To do this, an amphihilic, tri-block 
copolymer, Poloxamer 188 (P188), was applied to the mechanically damaged neuronal 
cells.  
 
P188 is a water soluble, non-ionic surfactant with tri-block copolymer (MW 8,400) 
containing a central block (MW 1, 750) of polypropylene (29 PPO) moieties and two 
peripheral blocks (MW 3,500) of polyethylene (38 PEO) moieties each (Figure 4.1). 
Long-term toxicity studies in animals and man reveal it to be safe even for intravenous 
use (Edlich et al., 1973). The surfactant is not biodegradable and it is rapidly excreted in 
the urine as unmetabolized (Schmolka, 1977). It has been previously approved by Food 
and Drug Administration (FDA) as skin wound cleanser for use in human in 1978. 
Recent studies demonstrated that exposing electroporated cells to this noncytotoxic 
nonionic surfactant effectively seals the damaged membranes of skeletal muscle cells, 
thereby acutely arresting the leakage of intracellular components in vivo and in vitro 
(Hanning et al., 2000; Lee et al., 1992; Lee et al., 1994; Merchant et al., 1998; Sharma et 
al., 1996; Terry et al., 1999). Sharma et al. (1996) have shown that P188 interacts with 
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artificial lipid membranes and makes them more resistant to electroporation. In other 
studies, Lee et al. (1992, 1994) have used in vitro (skeletal muscle cells) and in vivo (rat 
muscle flap) models to demonstrate the protective effects of P188 on electrically injured 
biological membranes. Marks et al. (2001) reported that P188 is not only effective in 
sealing elecroporated nonneuronal cell membranes but also effective in restoring the 
integrity of injured membranes of neuronal cells. They investigated whether P188 
protects neurons in vitro from necrosis by measuring neuronal survival following severe 
excitotoxic and oxidative injuries. Exposure of cultured hippocampal neurons to NMDA 
for 48 hours caused widespread cell death, which was prevented by incubation of neurons 
with P188.  Various researchers have also investigated the mechanism mediating 
restoration of membrane integrity by P188 (Marks et al., 2001; Maskarinec et al., 2002). 
They suggested that the relatively hydrophobic midsection of this ionic surfactant inserts 
into the plasma membrane. However, it is not yet well-understood whether the surfactant 
interacts only with the disrupted parts of the membrane to seal the membrane wounds or 
whether their integration and interaction with entire bilayer alters the membrane 
properties in a way to repair itself (e.g., decreased fluidity) (Sharma et al., 1996; 
Baekmark et la., 1997).  
 
Many current strategies of neuroprotection, including antagonism of ligand- and voltage 
gated ionic mechanisms, have shown unsuccessful outcomes in different experimental 
and clinical trials, especially in long-term recovery from the injury (Ajay, 2000; Faden, 
2002; Kermer et al., 1999; Lee et al., 1999; McIntosh et al., 1998; Royo et al., 2003). 
Since the mechanisms of P188 action are specifically directed at the plasma membrane, 
109
                                                                                                                                                                                                 
                                                                      
the use of this amphiphilic, tri-block copolymer may provide an alternative approach to 
treat both acute and delayed posttraumatic injuries in neuronal cells. 
 
4.2 SUMMARY OF EXPERIMENTAL APPROACH 
The main objective of this present study was to investigate whether P188 protects 
neurons in vitro from acute and delayed damage by promoting the recovery of membrane 
integrity. The controlled cell shearing device (CCSD) was used to injure neuronal cells as 
described in Materials and Methods (see section 4.3.2). First the dose-dependency of 
P188-induced neuroprotection was investigated by the application of three different doses 
on the mechanically injured cells. The neuroprotective effect of the surfactant was 
assessed in terms of cell viability at 24 hour after the initial loading.  
 
The second objective was to investigate if resealing of membrane pores by P188 was 
enough to rescue the cells from both short and long term effects of the traumatic injury.  
The numbers of mechanically injured cells which enter apoptosis and/or necrosis after 
treatment with P188 were determined with a flow cytometry analysis of DNA contents of 
the cell and compared with both untreated injured cells and sham controls. 
 
Finally, the mechanism of P188’s action on the injured cells was studied to identify the 
downstream events which are affected by the application of this treatment.  
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4.3 MATERIALS AND METHODS 
 
4.3.1 Cell Culture 
PC2 cells (provided by Dr. R. Pittman, Department of Pharmacology, University of 
Pennsylvania Medical School, PA) were cultured according to the method of Greene and 
Tishler (1976). Briefly, cells were plated onto both 35 mm 6-well tissue culture plates, 
(experimental cultures) and 100 mm petri dishes (stock culture) in RPMI 1640 (Fisher, 
IL) medium supplemented with heat- inactivated horse serum (10%), fetal bovine serum 
(5%), penicillin (50 IU/ml) and streptomycin (50 µg/ml), and L-glutamine (2 mM) 
(Fisher, IL). Stock and experimental cultures were incubated at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. 100 mm petri dishes were coated with rat-tail 
collagen (Biomedical Technologies, MA). A thermanox plastic coverslip (Fisher, GA) 
was placed into each well of 6-well tissue culture plates and then wells were coated with 
4 µg/cm2 poly-D-Lysine and 0.20 mg/cm2 of Matrigel® Basement Membrane Matrix 
(Becton Dickinson, MA). Cells were plated at a density of 2300 cell/cm2.  Experimental 
cells were terminally differentiated in a serum-free medium containing 2.5S NGF  
(50 ng/mL) (Becton Dickinson, MA) for 7 days. Over the course of 7 days, PC2 cells 
differentiate into cells with neural- like properties (see Chapter#2, Figure 2. 1) such as 
axons and dendrites, which were morphologically identified by using phase-contrast 
microscopy. After stock cells reached 95% confluence, they were recultured into new 
petri dishes by trypsinization. 
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4.3.2 Injury Paradigm 
PC 2 cells were cultured on coverslips in 6-well culture plates and were subjected to 
shear stress by using CCSD seven days after plating. Prior to experimentation, the cells 
were rinsed with 1X Eagle’s Balanced Salt Solution (EBBS) (Life Technologies, Inc., 
MD) two times to get rid of any floating cells.  Then they were placed into the 6-well 
plates filled with fresh cell medium including 50 ng/ml of 2.5S NGF. Then coverslips 
with the PC2 cells were transferred to the cell injury device and held in the well in the 
stationary stage using vacuum. 1 ml culture medium was added onto the coverslip, and 
then the fluid flow induced shear stress was applied to cells with a previously optimized 
loading profile to produce most sever injury without significant cell detachment from the 
substratum (see Chapter#2). Subsequently the coverslip was returned to the 6-well plate, 
and the remaining cell medium in the well was collected and added into the plate. Finally, 
the cells were incubated at 37°C. The two types of controls were used for comparison at 
each time point.  Untouched controls were kept under the cell culture hood.  After they 
were washed, fresh medium was added, and they were returned into incubator. Sham 
(uninjured) controls were placed in the CCSD without applying any insult, and then they 
were incubated with others for 24 hours to use for further analysis. 
 
4.3.3 Application of P188 and Dose Dependency Analysis 
Most often, P188 is used at a sub-critical micelle concentration (sub-CMC) of 0.1mM to 
1.0mM for membrane repair (Lee et al., 1994). Above their CMC, surfactants self 
aggregate to form micelles causing the (active) surfactant monomer concentration to 
remain constant independent of the total surfactant concentration (Kabanov et al., 1995). 
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So, to test dose dependency of the P188 induced neuroprotection, three different 
concentrations of P188 were applied to mechanically injured cells: low (30 µM), medium 
(100 µM), and high (1000 µM).  First cells were mechanically loaded, and P188 was 
added into the cell medium within 10-15 minute (min) following the injury. After gently 
agitating the plates to evenly distribute the applied surfactant, cells were incubated for 24 
hours. 
 
The assessment of cell viability was made by a Colorimetric 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, MO) assay.  MTT dye is reduced to 
form dark blue formazan dye by dehydrogenases present only in metabolically active cell 
mitochondria. The assay was performed as described by Mosmann, et al. (1983) with 
some modifications. Briefly, 100 µl of MTT (5mg/mL) was added to 900 µl of cell 
medium for both control and injured cells following 24 hours incubation. The cell 
cultures were then incubated at 37°C for about 3 hours. Then, 1 ml of extraction buffer 
(20% SDS, 50%DMF (Sigma, MO)) was added into each well to dissolve formazan 
crystals as described by Hansen et al. (1989). After cells were incubated overnight with 
1ml of extraction buffer at 37°C, absorbance was measured at a test wavelength of 570 
nm and a reference wavelength (background) of 630 nm.  
 
4.3.4 Assessment of  the Mechanism of P188 Neuroprotection in Injured 
 Neuronal Cells  
 
To examine whether P188 provides protection in vitro for long term recovery of cells 
from the mechanical injury, a fluorescein in situ cell death detection kit (Roche, IN) was 
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used. The kit was based on the detection of the labeling of DNA strands breaks (terminal 
deoxynucleotidyl transferase-mediated dUTP nick end- labeling, TUNEL assay). 
 
Activation of the Ca2+ and Mg2+-dependent endonuclease and subsequent DNA cleavage 
during apoptosis cause the generation of a multitude of terminal 3’-hydroxyl (3’OH) ends 
where the DNA is nicked. TUNEL end- labeling method uses the enzyme terminal 
deoxynucleotide transferase (Tdt) to add labeled deoxynucleotide triphosphates (dUTP), 
in a template-independent manner, to the 3’OH ends of either single or double stranded 
DNA. The TUNEL assay labels apoptotic cell on a single cell level; thus, the assay is 
more sensitive than agarose gel electrophoresis for fragmentation analysis.  
 
For the assay, PC2 cells were first trypsinized and washed two times with 1X Phosphate 
Buffered Saline (PBS) (Sigma, MO). Following the washing, the cells were fixed with 
4% paraformaldeyde (pH 7.4) in 1X PBS and 70% ethanol (EtOH) subsequently. Then 
fixed cells were used for the labeling. First, cells were washed with 1X PBS-BSA (1%), 
and permeabilized with permeabilization solution (0.1% Triton-X in 0.1% sodium citrate) 
for 2 min at 4°C. Then cells were labeled by incubation with TdT reaction mixture for 60 
min at 37°C and counterstained with propidium iodide (PI) buffer (100 µg/ml RNase 
(Boehringer-Roche, IN), 50 µg/ml PI (Sigma, MO) prepared in 1X PBS) for an additional 
30 min at 4°C. PI is a specific fluorochrome which intercalates with DNA. Intercalation 
complexes are formed by PI with double-stranded DNA, which effects the amplification 
of the fluorescence. With PI staining, cells with higher molecular weight DNA can be 
observed with higher fluorescent intensity. However, once the DNA contents start to leak 
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out of the cells because of disintegrated plasma membrane, the detected intensity of PI 
fluorescence decreases. Following PI labeling, cells were washed and resuspended with 
1X PBS. At each experiment, 24 hour Nerve growth factor (NGF) deprived cells were 
used as positive controls for apoptosis. Labeled cells were analyzed with Becton 
Dickinson FACSort™ (provided by Monika Jost, PhD, Radiation Oncology, Flow 
Cytometry Facility, Drexel University Health Systems, Philadelphia, PA). FACSort™ is 
equipped with an air-cooled argon laser producing fluorescent excitation at 488 nm, and 
it can sort or separate cells based on their fluorescence or light scatter characteristics. The 
excitation wavelength for TUNEL was 530 nm, and for PI it was 585nm. For each 
experiment, 5,000-10,000 cells were analyzed. Data was acquired with LYSYS-II 
Software (BD Biosciences, MA), and analyzed with WinMDI Software 2.8 (Windows 
Multiple Document Interface Software for Flow Cytometry). For more information about 
Flow Cytometer and the data analysis principles, see Appendix A. 
 
4.3.5 Analysis of MAPK Protein p38 Activity in P188 Treated Cells 
To detect the specific activities of the MAPK protein p38, western blot analysis was used. 
Both injured and control cells were harvested by scraping and transferred into the 15 ml 
falcon tubes with their medium, to collect both attached and detached cells, and 
centrifuged at 500 g for 10 min. Then the resultant pellets were washed two times with 
ice cold 1X Earl’s Balanced Salt Solution (EBSS) (Sigma, MO). After washing, the 
pellets were dissolved with 100 µl of 1X SDS Sample Buffer (50 mM Tris-HCl pH 6.8, 
2% SDS, 10% glycerol). Between centrifugation steps, cells were kept on ice. The 
protein concentrations were quantified according to standard Bradford Assay (Bradford, 
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1976). Equal amount of proteins were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) (Laemmli, 1970) using 7.5% or 10% polyacrylamide gels. 
Before loading the protein samples, 100mM 2-mercaptoethanol was added into each 
sample, and samples were boiled at 95°C for 5min. Proteins were separated on the gel 
with running gel buffer (1X Tris-Glycine, 0.1% SDS) for about 2 hours at 10 mAmp per 
gel. The separated proteins were electrophoretically transferred to PVDF membrane 
(BioRad, CA) with 1.5X transfer gel buffer (1X Tris-Glycine, 20% methanol) for 1.5 
hours at 120 mAmp. The resultant blots were incubated in 3% bovine serum albumin 
(BSA) in TBS-T (25 mM Tris-HCL pH 7.4, 137 mM NaCl, 0.2% Tween-20) for 1 hour 
at RT to block nonspecific binding sites. The blots were then incubated in primary 
antibodies (1:1000) overnight at 4°C. Primary antibodies against p38 proteins and the 
phosphorylated forms were obtained from Cell Signaling (Beverly, MA). For all 
immunoblottings, blots were incubated with goat anti- rabbit IgG (Immunoglobulin) 
secondary antibody (1:2000) conjugated to horseradish peroxidase (HRP) (Cell Signaling 
Tech., MA) 1 hour at RT on a slowly tilting platform to allow detection of the appropriate 
bands using enhanced chemiluminescence (ECL) (Amersham, NJ). Between each 
incubation step, the blots were washed three times with 1X TBS-T, about 5 min each 
time. The corresponding protein bands were exposed on X-ray Fuji Films (Fisher, GA), 
and then the densitometry analysis was carried with UN-SCAN-IT gel Software 
(Automated Digitizing System, version 4.1 for Windows) (Silk Scientific Corporation, 
UT), which turns the scanner into a high speed densitometer and allows an automated 
analysis of the images at full scanner resolution. 
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4.3.6  Inhibition of p38 Pathway 
To assess whether the inhibition of p38 activity can prevent cellular apoptosis, 10µM of 
SB203580 (Calbiochem, CA) was applied onto the cells at least 1 hour prior to the injury 
experiment (Cohen, 1997; Kumar et al., 1999; Wang et al., 2002). After the injury 
experiment, the cell proteins were extracted at 15 min, 3h, 6h, and 16 hour and analyzed 
with Western blot (as described above). Additionally, the assessment of the cell death 
mechanism was performed with TUNEL/PI assay (as described in section 4.3.4) with 
fixed cells at 15min and 24 hour following the mechanical injury. Since the inhibitor was 
originally solubilized with 0.4% dimethylsulfoxide (DMSO), treatment with 0.4% DMSO 
alone was used as control for each experiment. 
  
4.3.7  Statistical Analysis 
The data were expressed as mean ± SD. Statistical analysis was performed using one-way 
analysis of variance (ANOVA), followed by a post-hoc test to determine significance of 
data between groups. A p value <0.05 was considered as significant. 
 
 
4.4 RESULTS 
 
4.4.1  Neuroprotective Effect of P188 in PC2 Neuronal Cells Following the Injury  
In the present study, it was hypothesized that membrane damage causes acute necrosis 
and triggers signalling events leading to apoptosis (or perhaps later necrosis as well) and 
that P188 is a potential therapeutic agent to protect mechanically injured neuronal cells in 
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vitro from both apoptosis and necrosis. To assess the neuroprotective effect of P188 on 
neuronal survival following the mechanical injury, PC2 neuronal cells were mechanically 
loaded by CCSD device as described in Materials and Methods (Section 4.3.2). Then, 
three different concentrations (30 µM, 100 µM, and 1000 µM) of P188 were applied to 
both sham controls and injured cells after 10-15 minutes (min) from the mechanical 
loading. Cell viability at 24 hour as assessed by the MTT assay showed maximum 
survival at 100 µM, which was not improved further at higher concentration (Figure 4.2). 
The survival rate (91.5 ± 9.8 %) of the injured cells treated with 100 µM of P188 was not 
statistically different from the uninjured sham controls (99.5 ± 2.7 %). The survival of the 
P188 treated cells was significantly greater than the untreated injured cells 
(58.5 ± 13.4 %) (Figure 4.3).  
 
4.4.2 The Mechanism of P188 Neuroprotective Effect to Prevent Neuronal Cell Death   
         Following the Injury 
 
P188 has previously been shown to protect both neuronal and non-neuronal cells from 
cell death by resealing the injured cell membrane and enhancing the functional recovery 
of the cells injured by electric shock, heat (thermal) shock, and excitotoxic and oxidative 
agents (Lee et al., 1992; Marks et al., 2001; Maskarinec et al., 2002; Merchant et al., 
1998; Pandanilam et al., 1994). Most of these studies showed that P188 protects cells 
from necrosis. However, there is little evidence that the application of this surfactant can 
provide a long-term recovery of cells from the injury. 
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To investigate the whether P188 protects neuronal cells from cell death caused by either 
apoptosis or necrosis following mechanical trauma, PC2 cells were injured with CCSD, 
then analyzed with TUNEL and PI staining at 24 hour from the injury.  The number of 
apoptotic cells after the application of P188 on the mechanically injured cells decreased 
from 40.5 ± 15.1 % (non-treated injured cells) to 7.2 ± 3.6 % (Figure 4.4). Injured cells 
showed a decrease in PI fluorescence intensity corresponding to an increase in the sub-
G1 peak which represents necrotic cells. The detected intensity of PI fluorescence 
markedly increased in P188 treated cells at 24 hour indicating a decrease in necrosis.  
Mechanically injured cells showed 21.4 ± 9.6 % necrosis which was significantly reduced 
to 1.3 ± 4.9 % (p<0.05) by P188 treatment (Figure 4.5).  
 
These observations were consis tent with our previous data obtained from the MTT assay 
with the application of P188 on injured cells (see section 4.4.1). The results from MTT 
and TUNEL/PI staining demonstrate that P188 has a high potential to rescue the cells 
from both acute and delayed events in mechanically injured neuronal cells. 
 
4.4.3 The Relation Between MAPK Proteins Activity and P188 during the Recovery of  
         Cells From The Injury  
 
Previously, we investigated the potential regulatory mechanisms that may lead to acute 
and delayed cell death after mechanical injury by analyzing the change in 
phosphorylation of three different MAPK proteins: ERK1/2, JNK, and p38 (see 
Chapter#3, section 3.3.2). We detected a rapid and significant increase in p38 
phosphorylation in first 15 min following the mechanical loading. p38 is responsible for 
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the apoptotic response of different types of cells to environmental stimulation, and its 
activity is critical for many types of the cells to decide to survive or not to survive. Since 
P188 was identified as protecting the cells not only from necrosis but also from 
apoptosis, it is important to understand its mechanism of action. It is critical to identify 
whether any relation exists between P188 neuroprotective effect on the cells and 
prevention of p38 activation.  
 
The western blot analysis was performed to analyze if there is any change in p38 
phosphorylation after P188 application in mechanically injured cells at different time 
points (15 min, 3 hour, 6 hour, and 16 hour) following the injury. p38 was not 
phosphorylated at 15 min following the injury in P188 treated cells (Figure 4.6A) as 
previously detected in injured cells (see Chapter#3 Figure 3.7C). The analysis of western 
blots showed that there was no change in p38 activity at any time points after the 
mechanical injury in P188 treated cells (Figure 4.6B).  
 
To investigate whether P188 treatment prevents apoptosis solely through its inhibition of 
p38 phosphorylation, we used a specific inhibitor for the p38 pathway. The 
pyridinylimidazole compound 4-(4-fluorophenyl)-2-(4-methylsulfonylphenyl)-5-(4-
pyridyl)1H-imidazole (SB203580) was used. SB203580 is a highly selective inhibitor 
and does not affect the activity of other relevant kinases even at high concentrations 
(Kumar et al., 1999; Mori et al., 2002; Singh et al., 1999; Sugino et al., 2000).  
The western blot analysis performed with the application of p38 inhibitor, SB203580, 
showed that SB203580 (10 µM) significantly inhibited phosphorylation of p38 following 
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the injury at 15 min, and p38 activity was kept close to basal level compared to injured 
cells without any treatment (Figure 4.7.1A and Figure 4.7.2 ). Also, no change in 
phosphorylation of p38 was detected at 24 hour in SB203580-treated cells after the injury 
(Figure 4.7.1B and Figure 4.7.2). The p38 phosphorylation was maintained at close to 
baseline in all controls, and there was no significant difference in p38 activity among the 
controls (Figure 4.7.2C). The findings showed that p38 activity was kept at basal level in 
both SB203580 and P188 treated cells at all time points analyzed compared to controls. 
 
The effectiveness of p38 inhibition with SB203580 in protecting the mechanically injured 
cells from cell death was investigated with TUNEL and PI staining. The average 
percentage of TUNEL labeled cells was 24.5 ± 2.9 % in SB203580 treated cells  
(Figure 4.8 G), 8.7 ± 0.7 % in P188 treated cells (Figure 4.8 I), 33.1 ± 2.9 % in injured 
cells with no treatment (Figure 4.8F) and 1.5 ± 0.1% in  sham control (Figure 4.8A, B, C, 
D, and E). The average percentage of apoptosis (25.8 ± 9.3 %) detected in 24 hour NGF 
deprived cells is highly consistent with previous study performed in NGF deprived PC2 
cells by Pittman et al. (1993). By these observations, it was demonstrated that the 
inhibition of p38 activity SB203580 partially inhibited apoptotic cell death at 24 hour 
after the mechanical trauma in vitro. However, P188 treatment reduced apoptosis to a far 
greater extent than p38 inhibition in mechanically injured cells. 
 
Additionally, 22.4 ± 10.7 % of SB203580 treated cells and 4.2 ± 4.5 % of P188 treated 
cells showed a low level of PI staining and no TUNEL labeling at 24 hour compared to 
sham controls (Figure 4.9A, C, D, G, H, and J). These cells were considered as possible 
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necrotic cells or cells tha t had entered secondary necrosis because of energy depletion 
inside the cells (adenosine triphosphate, ATP, depletion). There was no significant 
decrease in the level of PI staining observed in SB203580 treated cells compared to 
injured cells without treatment (Figure 4.9F, G and J). However, P188 treated cells 
showed 85-90 % decrease in PI staining at 24 hour (Figure 4.9H and J).  
 
These findings demonstrated that P188 provides a profound protection of mechanically 
injured cells in vitro against cell death whereas p38 inhibition alone can partially protect 
cells from apoptosis. Since P188 can also inhibit p38 activity, it can be hypothesized that 
P188 protects injured cells from apoptosis not only by inhibiting the activation of p38 
pathway but also by affecting the activity of other cellular pathways which invoke 
secondary mechanisms in the cells. 
 
4.4.4 Changes in Cell Morphology at 24 hour from the Injury with and without  
Treatment 
 
The phase contrast microscope analysis after 24 hour from the stimulus demonstrated that 
a subpopulation of cells without treatment exhibited some structural and morphological 
changes such as shrinked cell body and beaded appearance compared to sham control 
(Figure 4.10 A and B). Some injured cells became loosely attached or completely 
detached from the substratum, and these cells were observed as floating in the cell 
medium. In addition, cell aggregates started to be dissociated by 24 hour after the 
stimulus (Figure 4.10B). Sham controls did not show these morphological changes 
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(Figure 4.10A). The cells treated with P188 showed a remarkable recovery as 
morphologically at 24 hour. They looked like as sham control (Figure 4.10C).  
 
 
4.5 DISCUSSION 
In the present study, it was demonstrated that P188 treatment significantly improved 
acute and delayed responses to traumatic injury in our in vitro model. In previous studies, 
the mechanism of the neuroprotective effect of P188 after injury has been shown to be 
related to its ability to reseal injured plasma membrane in different experimental models 
(Lee et al., 1992; Marks et al., 2001; Maskarinec et al., 2002; Merchant et al., 1998; 
Pandanilam et al., 1994). TBI disrupts brain and spinal cord blood vessels, axons, and 
cell bodies, resulting in hemorrhage and loss of cell membrane integrity (Ajay, 2000). 
The loss of membrane integrity triggers many downstream events resulting in secondary 
cellular damage (Lee et al., 1992; Marks et al., 2001).  Some mildly injured cells can 
make adaptive responses to recover from the injury while severely injured cells which 
cannot recover from the initial injury can be eliminated by entering programmed cell 
death, or apoptosis. Therefore, the loss of membrane integrity is an important factor in 
cell death. Since its mechanism of action is specifically directed at the plasma membrane, 
P188 may provide an alternate therapeutic approach to neuronal death after TBI for long-
term recovery. 
 
Previously we demonstrated that transient and rapid activation of p38 can be a prominent 
factor in directing mechanically injured cells that enter apoptosis (see Chapter #3, section 
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3.3.2).   Poloxamer treatment inhibited p38 activation following injury.  To see if the 
neuroprotective effect of Poloxamer was due to its inhibition of p38 activation, we used 
SB203580 as a pharmacological probe to inhibit directly the p38 pathway. A single dose 
(10 µM) of the inhibitor was applied to cells 1 hour prior to mechanical stimuli, and cells 
were incubated with the inhibitor after the injury (Cohen et al., 1997; Mori et al., 2002; 
Wang et al., 2002). The results showed that p38 inhibition alone caused a partial decrease 
in neuronal apoptosis after traumatic injury, but did not protect cells from necrotic cell 
death.   It is a very important finding that blocking of p38 activation only partially 
inhibited the apoptosis caused by traumatic injury. P188, on the other hand, inhibited 
apoptosis to a much greater extent. This means that the mechanism of stimulation of 
apoptosis by trauma involves multiple pathways (for example; involves more than one 
signaling pathways other than p38 pathway. The neuroprotective effect of P188 against 
necrosis by maintaining cell membrane integrity strongly supports the hypothesis that 
membrane damage due to the initial traumatic event is responsible for the initiation of the 
delayed pathological events and cells death after traumatic injury. These data showed that 
the loss of membrane integrity triggers many downstream events. These principal 
findings demonstrated that repairing the initial membrane damage caused by trauma not 
only rescues the cells from cellular death but also staves off the secondary cascades 
leading to cell death. Therefore, application of P188 after traumatic injury may provide 
an alternate therapeutic approach to long-term neuronal recovery from acute and delayed 
injuries of TBI. 
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Figure 4.8: The chemical structure of Poloxamer 188 (P188). 
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Figure 4.9:  The dose-dependence of P188 induced neuroprotection at three different 
concentrations: 30 µM, 100 µM, and 1000 µM. The cell viability was assessed with 
change in MTT absorbtion. Bars represent mean ± SD of 2 separate experiment with total 
n=10 coverslips for C w/o P188, n=9 for SS w/o P188 and w/P188, and n=6 for C 
w/P188. *p<0.05 compared to sham control. The multiple comparisons of means were 
performed with Tukey’s test following the ANOVA. 
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Figure 4.10: The histogram displays the percent change (%) in cell viability observed 
with MTT assay.  Bars represent mean ± SD of 5 separate experiment with total n=15 for 
C and SS w/o P188, n=11 for C w/ P188, and n=23 for SS w/ P188.  *p<0.05 compared 
to sham control. The multiple comparisons of means were performed with Tukey’s test 
following the ANOVA. 
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Figure 4.11: The histograms display the relative fluorescence of DNA contents 
obtained from fluorescein isothiocyanate (FITC)-TUNEL labeled PC2 cells at 24 hour 
versus the observed number of cells counted (events). The histograms represent (A) sham 
controls, (B) sham controls treated w/ P188, (C) positive control cells (24 hour NGF 
deprived), (D) mechanically injured cells treated w/ P188, and (E) mechanically injured 
cells. The bar chart (F) shows the percent apoptotic cells observed at each condition. The 
bars show mean ± SD of 5 individual experiments. At each time, 6 separate cell cultures 
for controls and at least 12 cell cultures for injured cells were experimented. *p<0.05 
compared to sham controls. The multiple comparisons of means were performed with 
Tukey’s test following the ANOVA.  
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Figure 4.4: (continued)  
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Figure 4.5: The histograms display the relative fluorescence intensity of DNA 
contents obtained from PI-stained PC2 cells at 24 hour versus the observed number of 
cells (events). The histograms represent (A) sham control, (B) sham control treated w/ 
P188, (C) 24 hour NGF deprived cells (as positive control), (D) mechanically injured 
cells, and (E) mechanically injured cells treated w/ P188. The chart (F) represents the 
percent of only PI positive cells detected at each condition. The bars show mean ± SD of 
3 individual experiments. At each time, 6 separate cell cultures for sham controls and at 
least 12 cell cultures for injured cells were experimented. *p<0.05 compared to sham 
controls. The multiple comparisons of means were performed with Tukey’s test following 
the ANOVA.  
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Figure 4.5: (continued) 
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Figure 4.6: (A) Western blots represent the change in phosphorylated p38 (P-p38) 
with respect to total p38 in PC2 cells treated with and without P188 after mechanical 
injury at different time intervals. Sham controls were annotated as C, mechanically 
loaded cells as SS. (B) Western blots of total p38 and P-p38 were quantified from 2 
independent culture experiments using standard densitometry techniques. The bars show 
mean ± SD. At each time, at least 7 coverslips were used for controls and 9 coverslips 
were used for injury experiments. *p<0.05 compared to sham control. The multiple 
comparisons of means were performed with Tukey’s test following the ANOVA. 
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Figure 4.7.1: (A) Western blots represent the change in phosphorylated p38 (P-p38) 
with respect to total p38 in PC2 cells after mechanical injury at 15 min and 24 hour after 
the injury. Sham controls were abbreviated as C, and injured cells were abbreviated as 
SS. 
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Figure 4.8: The histograms display the relative fluorescence of DNA contents 
obtained from FITC-TUNEL labeled PC2 cells at 24 hour versus counted cells (events). 
The histograms represent (A) sham controls, (B) sham controls treated w/ SB203580, (C) 
sham controls treated w/ DMSO (D) sham controls treated w/ P188, (E) positive controls, 
(F) mechanically injured cells, (G) injured cells treated w/ SB203580, (H) injured cells 
treated w/ DMSO, and (I) injured cells treated w/ P188. 
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Figure 4.8: (continued) 
 
 
 
 
 
 
 
F. E. 
 
 
128 
32 
0 
0 0 
  100            101             102              103           104   100           101          102            103           104 
 100              101             102              103           104    100             101            102            103           104 
FITC-DUTP FITC-DUTP 
FITC-DUTP FITC-DUTP 
0 
24 hour NGF deprived cells  Injured Cells  
Injured Cells with SB203580 Injured Cells with DMSO 
G. 
128 
H. 
64 
136
                                                                                                                                                                                                 
                                                                      
 
 
 
 
 
 
0
15
30
45
C
NG
F d
epr
ive
d
SS
C +
 DM
SO
SS 
+ D
MS
O
C +
 SB
203
580
SS
 + S
B2
035
80
C +
 P1
88
SS
 + P
188
T
U
N
E
L
 p
os
iti
ve
 c
el
ls
 (
%
)
 
Figure 4.8: (continued) The chart (J) shows the percent apoptotic cells observed at each 
condition. The bars show mean ± SD of 2 individual experiments. At each time, 6 
separate cell cultures for controls and at least 8 cell cultures for injured cells were 
experimented. *p<0.05 compared to injured cells without no treatment (SS) The multiple 
comparisons of means were performed with Tukey’s test following the ANOVA.  
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Figure 4.9: The histograms display the relative fluorescence of DNA contents 
obtained from PI-stained PC2 cells at 24 hour versus the observed number of events. The 
histograms represent (A) sham controls, (B) sham controls treated w/ DMSO, (C) sham 
controls treated w/ SB203580 (D) sham controls treated w/ P188, (E) positive controls, 
(F) mechanically injured cells, (G) injured cells treated w/ SB203580, (H) injured cells 
treated w/ P188, and (I) injured cells treated w/ DMSO. 
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Figure 4.9: (continued) 
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Figure 4. 9: (continued) The chart (J) represents the percent PI positive cells detected at 
each condition. The bars show mean ± SD mean ± SD of 2 individual experiments. At 
each time, 6 separate cell cultures for controls and at least 8 cell cultures for injured cells 
were experimented. *p<0.05 compared to injured cells without any treatment (SS). The 
multiple comparisons of means were performed with Tukey’s test following the 
ANOVA.  
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Figure 4.10: Phase-contrast microscopic images of P188 treated and untreated PC2 
cells after 24 hour from the mechanical injury. (A) Sham controls treated with P188, (B) 
Injured cells without P188 treatment, (C) Injured cells treated with P188 (For more 
images, see Appendix B). Scale bar, 50 µm. See Appendix B for more images. 
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Figure 4.10: (continued)  
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CHAPTER 5:CONCLUSION AND IMPLICATIONS FOR 
FUTURE STUDY 
 
 
 
 
 
5.1  SUMMARY OF PRINCIPAL FINDINGS 
The main goal of the present study was to understand the cellular and biochemical events 
that occur following Traumatic Brain Injury (TBI) at the cellular level, and to develop a 
novel strategy to rescue the cells from secondary injuries triggered by initial stimuli. To 
mimic TBI in vitro, a cell model was developed using a neuronal cell line (PC2) which 
was derived from a pheochromocytoma cell line (PC12). This subline was identified by 
its rapid and robust response to nerve growth factor (NGF) (Pittman et al., 1993). PC2 
cells were first characterized as terminally differentiated neuronal cells due to the 
presence of specific neuronal markers. 
 
Then an injury model was developed by using a controlled cell shearing device (CCSD). 
The application of the CCSD provided relatively severe injuries reproducibly. To damage 
the cells mechanically, two factors were found to be critical for the creation of 
reproducible mechanical injury of the cells: the adhesion of cells to substratum and the 
loading rates. The strong adhesion of PC2 cells to the substratum allowed the application 
of high enough fluid-shear stresses over the cell surfaces to injure the cells without 
detaching them from the substratum. Also, injury severity increased monotonically with 
increasing peak shear stress magnitude, and it was strongly dependent on the rate of 
loading. There was a dose dependent relationship between injury severity created on the 
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neuronal cells and the loading rate.  Severity of cell damage was quantified by the intake 
of trypan blue dye and reduction of colorimetric tetrazolium salts (MTT).  The 
dependence of cell injury on the magnitude and rate of mechanical loading was with 
previous in vitro studies of TBI (Cargill II and Thibault, 1996; Cargill II et al., 1999; 
Galbraith et al., 1993; LaPlaca and Thibault, 1997).  
 
The magnitude of membrane damage created on the cells was assessed with lactate 
dehydrogenase (LDH) which is a cytosolic enzyme. LDH is released into extracellular 
space when the cells lose their membrane integrity.  A rapid and transient LDH release 
was detected as a direct consequence of mechanical loading. It can be speculated whether 
the transient LDH release represents a subpopulation releasing all of their LDH acutely or 
whether the transient LDH release is due to a transient increase in membrane 
permeability of all the cells followed by a spontaneous resealing of the membrane.   That 
a subpopulation of cells was observed to be morphologically altered right after the injury 
strongly suggests heterogeneity in the injury severity.  .It is unclear whether the cells 
releasing their LDH acutely at 15 min following the injury are the same cells which 
become necrotic at 24 hours. The data showing the acute release of LDH also agree with 
a previously reported study suggesting that an increase in membrane permeability may be 
caused by severely injured neurons by mechanical loading (LaPlaca and Thibault, 1997). 
This is also another important finding showing the relationship between injury severity 
and mechanical loading. 
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The other principal finding of this study was the identification of a primary mechanism 
which is responsible for cellular death after mechanical injury. The flow cytometry 
analysis performed at 24 hour after the injury demonstrated that apoptosis was the 
primary cell death mechanism in mechanically injured cells. Trauma induced neuronal 
apoptosis has been confirmed by a number of investigators using different in vivo models 
of TBI (Colicos and Dash, 1996; Clark et al., 1997; Conti et al., 1998; Fox et al., 1998; 
Kaya et al., 1999; Newcomb et al., 1999; Rink et al., 1995). This study is first to 
demonstrate that the primary cell death mechanism in mechanically injured cells in vitro 
is apoptosis. 
 
It was also found that extracellular signal regulated kinase (ERK1/2), c-Jun N-terminal 
kinase (JNK1/2), and p38 were activated transiently and rapidly immediately after the 
mechanical trauma in PC2 cells. Activation of p38 was higher than the other two 
MAPKs. However, the concerted activation of these mitogen activated protein kinases 
(MAPKs) may be a critical determinants for the delayed or secondary responses of the 
cells triggered after mechanical trauma. The increased phosphorylation of ERK1/2, 
JNK1/2, and p38 triggered after mechanical injury is consistent with previously in vivo 
and in vitro experimental models (Mori et al., 2002; Otani et al., 2002; Wang et al., 
2002).  
 
In this study, it was also demonstrated that an amphiphilic tri-block copolymer, 
Poloxamer (P188), provides a novel protection of mechanically injured cells in vitro from 
both necrosis and apoptosis. The analysis performed with p38 inhibitor, SB203580, and 
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P188 with western blots and flow cytometry showed that P188 inhibited p38 activation in 
both short and long term. The inhibition of p38 alone with the specific inhibitor could 
rescue a portion of the cells from apoptosis but not from necrosis. These data suggest that 
P188 may act upstream and affect different pathways in addition to the p38 pathway. 
Since P188 has been shown to protect cells from necrosis by resealing the plasma 
membrane (Luo et al., 2002; Marks et al., 2001; Merchant et al., 1998), these data suggest 
that the loss of membrane integrity is the major pathophysiological alteration that occurs 
after mechanical injury, and P188 rescues cells from both apoptosis and necrosis by 
resealing the damaged membrane of the neuronal cells in vitro following the mechanical 
loading. 
 
5.2  ADVANTAGES AND DISADVANTAGES OF IN VITRO SYSTEMS 
Developing a quantitative analysis of the individual neuronal response to mechanical 
loading is vital to the advancement of cellular biomechanics and the identification of 
molecular and cellular responses of central nervous system (CNS) tissue occur following 
TBI. In vitro systems mimicking traumatic injury at the cellular level eliminates the 
influence of systemic effects and allows a highly controllable environment to characterize 
cellular responses to mechanical loadings. Additionally, the simplified setting of a cell 
culture system provides a greater control when various pharmacological agents are tested 
and allows a basic framework on which multiple cell systems and in vivo experiments can 
be based. The data obtained from in vitro models can be used in a conjunction with 
animal models and clinical observation. 
 
146
                                                                                                                                                                                                 
                                                                      
In vitro studies are very powerful due to the simplified cellular environment and the 
ability to manipulate the extracellular environment. However, it is important to maintain 
the appropriate cell environment in vitro to mimic the physiological surroundings of the 
cells in vivo. Since most in vitro systems are formed with a single cell type, sometimes it 
can be difficult to identify the interactive responses of the different cell types in vivo. The 
organization of tissues depends on the interdependence of numerous cell types; to isolate 
one cell type from an organism may restrict cellular responses. Also, the determination of 
loading conditions to mimic TBI in vitro can be challenging. The actual forces created on 
individual neurons may be more complex in vivo than in vitro since the mechanical forces 
applied would be distributed over the different tissues in the brain. This must be kept in 
mind when inferring results from an in vitro model to the whole organism.  
 
In vitro models of traumatic neuronal injury provide simplified settings in which 
mechanical input conditions can be controlled while functional parameters are assessed, 
and they can be highly informative when used in conjunction with data obtained from 
animal models.  
 
In this study, CCSD created injury on PC2 cells led to activation of different cellular 
mechanisms and subsequent cell death. Blocking one specific cascade of apoptosis and 
application of P188 during stimulus showed that there is more than one pathway which 
can trigger cell death after traumatic injury. This provided valuable information in 
understanding cellular injury mechanisms and developing more targeted therapeutic 
strategies for long-term recovery from TBI induced injuries. This study demonstrated that 
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our in vitro system to mimic TBI was highly reproducible and provided a novel 
mechanism to understand and identify the complex mechanisms of TBI.  
 
5.3  IMPLICATIONS OF CURRENT STUDY FOR TRAUMA RESEARCH 
The injury model developed here has a wide range of applications within trauma field. 
Since the mechanical injury created on the neuronal cells by applied fluid shear stress is 
controllable, quantifiable and reproducib le, the metabolic and morphological injury 
patterns can be compared with pathophysiological events of TBI triggered by initial 
impact in real life. The developed in vitro injury model allows an easy manipulation of 
extracellular environment of the cells, and this provides a powerful mechanism to study 
the loading rate dependent responses to mechanical injury of individual cells. The CCSD 
is capable of real- time monitoring of the cells before and after the injury. This allows the 
tracking of morphological and cellular changes occurring in the cells after mechanical 
loading.  
 
This study showed that our in vitro injury model presents a novel system for 
identification of major cellular mechanisms of TBI and development of specific treatment 
strategy targeting the establishment of membrane integrity. This is one of the major 
pathophysiological alterations that occur in cells after initial insults. Membrane integrity 
as a therapeutic target is a major departure from traditional pharmacological approaches 
in which agents are developed to target specific molecules involved in signalling 
pathways are thought to be important. The complexity of the cellular mechanisms and 
existence of redundant signalling pathways initiated by traumatic injury cause many 
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limitations to these efforts. However, our new approach of targeting the membrane 
integrity appears to affect multiple pathways by repairing the structural damage that 
initiates the process.  Thus, this agent alone or in combination with other approaches 
holds great promise for the treatment of traumatic injury induced diseases and 
dysfunction. 
 
5.4  FUTURE WORK 
Identification and understanding of the response of individual cells to mechanical damage 
is an important step in the development of efficacious treatment strategies and improved 
injury tolerance criteria. Since the degree of membrane integrity is a highly important 
factor in determination of cell fate after the mechanical injury, future studies should be 
more focused on the mechanical phenomena occurring at the membrane level. Labeling 
membrane with different molecular size particles and measuring their efflux, for 
example, would be highly informative to quantify and characterize the size, number, and 
lifetimes of mechanically- induced membrane pores. In addition, the neuroprotective 
effect of P188 should be tested with in vivo injury models to prove its efficacy to rescue 
the cells from both apoptosis and necrosis. Also the mechanism of action of P188 to 
protect the cells from cell death should be identified to understand the interaction of 
different molecular pathways triggering the cellular death. 
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APPENDIX A: PRINCIPLES OF FLOW CYTOMETER AND  
THE DATA ANALYSIS 
 
 
 
Flow cytometer is a powerful tool in modern biology. It is used for cell surface and 
intracellular immunofluorescence, for analysis of the cell cycle and cell death. It is 
important to understand how to interpret the data. It is a technology that simultaneously 
measures and then analyzes multiple physical characteristics of single particles, usually 
cells, as they flow in a fluid stream through a beam of light. The properties measured 
include a particle’s relative size, relative granularity or internal complexity, and relative 
fluorescence intensity. These characteristics are determined using an optical-to-electronic 
coupling system that records how the cell or particle scatters incident laser light and emits 
fluorescence. 
 
A flow cytometer is made up of three main systems: fluidics, optics, and electronics. 
· The fluidics system transport particles in a stream to the laser beam for 
interrogation. 
· The optic system consists of lasers to illuminate the particles in the sample 
stream and optical filters to direct the resulting light signals to the appropriate 
detectors. 
· The electronics system converts the detected light signals into electronic signals 
that can be processed by the computer.  
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In the flow cytometer, particles are carried to the laser intercept in a fluid stream. Any 
suspended particle or cell from 0.2-150 micrometers in size is suitable for analysis. Cells 
from solid tissue must be disaggregated before analysis. The portion of the fluid stream 
where particles are located is called the sample core. When particles pass through the 
laser intercept, they scatter laser light. Any fluorescent molecules present on the particle 
fluoresce. The scattered and fluorescent light is collected by appropriately positioned 
lenses. A combination of beam splitters and filters steers the scattered and fluorescent 
light to the appropriate detectors. The detectors produce electronic signals proportional to 
the optical signals striking them. In other words, flow cytometer involves a shining laser 
on discrete groupings of cells. The light passes through the group (forward scatter, FSC) 
or reflects off it (side scatter, SSC). The side scatter and forward scatter are measured by 
photodetectors. Most of the time, fluorescent material(s), tuned to the wavelength of the 
laser, is/are selectively bound to the cells. The emitted light is filtered out through the use 
of wavelength-specific light filters, which transmits certain wavelengths of light and 
reflects others. The reflected light is turned to an electrical signal by photomultiplier 
tubes (PMTs).  
 
List mode data are collected on each particle or event. The characteristics or parameters 
of each event are based on its light scattering and fluorescent properties. The data are 
collected and stored in the computer. This data can be analyzed to provide information 
about subpopulations within the sample (Figure A). 
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Figure A: Scattered and emitted light signals are converted to electronic pulses that 
can be processed by the computer. 
 
 
Once light signals have been converted to electronic pulses and the converted to channel 
numbers by the Analog-to-Digital Converter (ADC) which converts a 0-1,000 mV pulse 
to a digital number representing 0-1,000 mV channels. The channel number is transferred 
to the computer via the General Purpose In/Out (GPIO) cable (Figure B). The light signal 
is then displayed in an appropriate position on the data plot.  
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Figure B: Voltage pulses converted to channel values by ADC converter. 
 
Flow cytometric data is stored according to a standard format, the flow cytometry 
standard (FCS) format, developed by the Society for Analytical Cytology. According to 
the FCS standard, a data storage file includes a description of the sample acquired, the 
instrument on which the data was collected, the data set, and the results of data analysis. 
 
A single cell analyzed for four parameters (FSC, SSC, FITC, fluorescein, and PE, 
phycoerythrin, fluorescence) generates 8 bytes of data. When multiplied by the 
approximately 10,000 events collected for a single sample, an FCS data file typically 
contains 80 kB of data. 
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Once a data file has been saved, cell populations can be displayed in several different 
formats. A single parameter such as FCS or FITC (FL1) can be displayed as a single 
parameter histogram, where the horizontal axis represents the parameter’s signal value in 
channel numbers and vertical axis represents the number of events per channel number. 
Each event is placed in the channel that corresponds to its signal value. Signals with 
identical intensities accumulate in the same channel. Brighter signals are displayed in 
channels to the right of the dimmer signals. Two parameters can be displayed 
simultaneously in a plot. One parameter is displayed on the x-axis and the other 
parameter is displayed on the y-axis. 
 
You can make a single-parameter histogram plot with histogram markers, a two-
parameter dot plot with a quadrant marker, a two-parameter dot plot with regions, and 
three-dimensional plots. You can also create statistics and export the results that are 
associated with these plots to a spreadsheet. 
 
A histogram allows you to view a single parameter against the number of events. A 
subclass control is used to determine where the markers will be placed. Histogram 
markers are used to specify a range of events for a single parameter (Figure C). 
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Figure C: Histogram of a subclass control with histogram markers M1. 
 
The histograms are read from left to right on each axis with increasing amount of signal 
left to right. Each analog (electronic) signal can be amplified linearly or logarithmically. 
Linear amplification is important when measuring signals which are linear, i.e., DNA; 
whereas, log amplification is useful for signals with large dynamic range, i.e., 
immunofluorescence. 
 
On the other hand, a dot plot provides a two-parameter display of data. Each dot 
represents one or more events.  A subclass control is used to determine where the 
quadrant markers will be placed. A quadrant marker divides two-parameter plots into 
four sections to distinguish populations that are considered negative, single positive, or 
double positive. The lower-left quadrant displays events that are negative for both 
parameters. The upper-left quadrant contains events that are positive for the y-axis 
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parameter but negative for the x-axis parameter. The lower-right quadrant contains events 
that are positive for the x-axis parameter but negative for the y-axis parameter. The 
upper-right quadrant contains events that are positive for either parameters or double 
positive (Figure D). 
 
Figure D: Dot plot of subclass control with quadrant markers. 
 
There is a disadvantage to using both of these analysis methods if you have several files 
to analyze from different donor samples. If you had drawn the regions around populations 
or created quadrant markers from one data file and then read in another file, it is possible 
that the populations will fall outside the regions or markers due to sample viability. In 
this case, you would have to readjust the regions or markers for every file. 
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 For multicolor analysis, the intensity and overlap of signals is crucial. This is because, 
although the instrument uses filters to enhance wavelength detection, there still can be a 
considerable amount of spectral overlap. The best example is the use of the combination 
of FITC and PE. Both excite with 488 light. The predominant emissions are separated by 
filters (FITC 525; PE 575); however, the brighter the FITC signal, the more overlap of 
light into the PE detection system. This is the reason for compensation or subtraction. It 
is necessary to gauge the brightness of a particular antigen and change fluorochromes. To 
compensate properly, proper controls should be used. The same cellular specimen is 
stained with each color and for more colors than dual, multicolor combinations. 
Equipment companies claim to standardize the compensation using an "Auto Comp" 
procedure. But remember, this method is limited in usefulness, as it does not use your 
specimens with your fluorochromes with your fluorescence intensities. This is especially 
important if you have multiple overlapping subpopulations. 
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APPENDIX B: PHASE-CONTRAST MICROSCOPIC IMAGES OF P188 
TREATED AND UNTREATED PC2 CELLS AFTER 24 HOUR FROM  
THE MECHANICAL INJURY 
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*  These images were taken from 3 different experiments from randomly selected areas.  
Scale bars, 50 µm. 
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